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upoctrometer  d.rta  for  m/e«10  to  500  as  functions  of  tost  time  for  isothennal  outqasslnq 
of  sanples  at  cither  two  or  three  te!ntx)ratijros  selected  from  25*C,  75*C,  and  125*Cj 
deposition  rates  of  the  outqassinq  products  on  surfaces  at  90  K,  150  K,  225  K  and  298  Ki 
pCM  thermoqrav  .metric  data  for  the  collected  outqassed  products  (obtained  by  controlled 
heatinq  of  the  90  K  collector  OCX  at  the  end  of  an  outqassinq  test)  and  maos  spectrometer 
data  obtained  durino  vtX  thermoqravimetry  teat.  Off-line  GC/MS  tests  were  also  made 
on  the  sample  m-*.v.erial s.  The  mass  si'octrometcr  data  for  one  material  test  (R-2560 
adhesive  at  125*0 were  further  analyzed  to  show  how  the  data  can  be  used  to  determine  the 
outqassinq  rates  of  each  individual  outqassed  species. 
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Section  1 

INTRODUCTION  AND  PROGRAM  BACKGROUND 


This  document  is  the  final  report  for  the  Air  Force  Wright  Aeronautical  Laboratories 
contractual  programjH33615-82-C-5025,  entitled  "Characterization  of  Contamination 
Generation  Charactenjlitics  of  Satellite  Materials."  The  contract  covered  the  period  June 
1982  to  August  1989.  ^he  objective  of  the  program  was  to  develop  a  standard  test  method 
for  measuring  material  outgassing  and  deposition  kinetics  di^ 

'  The  test  method  development  program  was  divided  into  Phase  I,  Phase  II,  and  Phase 
II  Extension.  In  Phase  I.  the  current  state  of  technology  for  characterizing  outgassing  and 
deposition  kinetics  was  determined  and  assessed,  and  a  candidate  test  method  was  selected 
for  further  development.  In  Phase  II,  the  feasibility  of  the  selected  method  was 
demonstrated,  the  specifications  for  a  single  apparatus  capable  of  executing  all  aspects  of 
the  test  method  were  determined,  and  a  draft  test  procedure  was  prepared.  Technical 
reports  were  submitted  at  the  end  of  Phases  1  and  II.  Following  Phase  II,  a  new  test 
apparatus  was  built  under  Lockheed  company  funding.  Under  the  Phase  n  Extension,  the 
test  apparatus  and  the  test  procedure  were  demonstrated  and  exercised,  and  a  material 
database  was  develo£(^ 

C_Jhis  report  gives  the  background  to  the  program,  summarizes  the  work  performed  in 
Phases  I  and  II,  and  describes  in  detail  the  work  performed  under  the  Phase  II  Extension. 

1,1  REPORT  SUMMARY  sS  <  Oni 

Section  1.2  reviews  background  to  the  program.  The  limitations  of  materials  ^ 

selection  solely  on  the  basis  of  the  AST  M  E  595  screening  test  arc  noted,  and  the  need  for  a  ' 

more  systematic  approach  to  material  selection  and  contamination  control  is  identified.  The  J  ^ 

contributions  of  this  and  other  Air  Force  technology  programs  to  develop  a  systematic 
contamination  control  methodology  is  described. 

Section  2  describes  the  work  performed  on  the  prior  phases  of  this  program.  In 
Phase  I,  a  review  of  the  literature  and  a  survey  of  ihc  industry  were  made.  Based  on  the 
findings  of  the  review  and  survey,  a  method  for  measuring  outgassing  and  deposition 
kinetics  was  scicriexl.  The  test  method  is  based  on  a  test  and  data  reduction  methodology 
which,  when  completely  developed,  will  permit  the  outgassing  and  deposition  kinetics  of 
each  individual  ouigas.sed  species  to  be  determined.  The  total  outgassing  and  deposition 
rates  arc  measured  by  placing  the  material  .sample  in  an  effusion  cell  and  collecting  the  flux 
leaving  the  cell  on  quartz  crystal  microbalanccs  (QCMs)  held  at  different  temperatures. 


Total  ouigossing  rate  is  dcicnnincd  from  the  coltccuon  rate  on  one  of  these  QCMs  which  is 
held  at  liquid  nitrogen  temperature.  The  species  evolved  from  the  isothermal  sample  arc 
monitored  using  a  mass  spectrometer. 

At  the  end  of  the  outgassing  test,  the  species  deposited  on  the  QCMs  arc  thermally 
analyzed  by  heating  the  QCMs  in  a  controlled  manner.  This  test  is  rclcrred  to  as  QCM 
thermal  analysis  (QTA).  During  QTA,  the  QCM  deposit  mass  changes  and  the  evolved 
species  mass  spectra  as  the  deposit  ev.-.poratcs  are  measured  as  functions  of  QCM 
temperature.  These  two  measurements  are  called  QCM  thcrmogravimetric  analysis 
(QTGA).  and  QCM  thermal  analysis  combined  with  mass  spectrometry  (QTAfAS), 
respectively.  Because  QTA/MS  had  not  been  previously  demonstrated,  a  standard  off-line 
gas  chromatography/mass  spectrometry  (GC/MS)  analysis  was  added  to  the  test  metliod  to 
provide  backup  data  on  the  constituent  species. 

The  effectiveness  and  accuracy  of  the  QCM  collection  method  for  measuring  total 
outgassing  and  deposition  rates  was  investigated  and  conrumed  under  Phase  11.  Because  it 
was  not  cost  effective  to  commit  substantial  capital  funding  to  a  new  apparatus  before  some 
of  the  lest  method  principles  had  been  verified,  the  Phase  11  development  work  was 
performed  using  two  separate  general  purpose  laboratory  apparatuses.  By  the  end  of  Phase 
11,  most  of  the  developmental  issues  had  been  satisfactorily  addressed,  and  the 
requirements  for  a  single  dedicated  apparatus  capable  of  executing  the  full  test  procedure 
were  idendfied.  A  drefi  test  procedure  for  executing  the  test  method  was  prepared. 

Section  3  describes  the  test  apparatus,  which  was  built  and  checked  out  under 
Lockheed  funding.  The  apparatus  is  described  in  sufficient  detail  to  permit  another 
organization  to  build  a  similar  apparatus.  For  the  most  part,  the  apparatus  functioned 
sadsfaciorily.  Operational  experience  has  su^  gested  that  some  minor  changes  in  the  choice 
of  type  of  QCM  and  trKthod  of  temperature  control  would  be  desirable.  The  apparatus  is 
currently  being  modified  to  incorporate  these  changes. 

Section  4  presents  the  formal  test  procedure.  This  basic  procedure  was  followed 
throughout  the  database  measurerrKnt  program  described  in  Section  6.  Most  of  the  changes 
during  the  Phase  II  Extension  were  minor  and  evol'itionary,  and  its  current  form  closely 
resembles  the  draA  test  procedure  prenarrd  at  the  end  of  Phase  II. 

The  objectives  of  the  Phase  11  Extension  were  to  exercise  and  evaluate  the  test 
method  performance  and  to  generate  a  multi-material  outgassing/deposition  kinetics 
databa.se.  Section  S  evaluates  the  data  generated  by  the  test  method  by  analyzing  in  detail 
the  data  for  one  material  test  -  McGltan-Nusii  P.-?360  adhesive  at  125*C. 

Section  6  introduces  the  material  database,  the  main  body  of  which  is  presented  in  the 
ApperAlix.  A  list  of  the  20  rruicrials  tested  is  given,  and  the  arrangement  of  the  database  in 


the  Appendix  is  explained. 

Section  /  presents  Conclusions  and  Recommendations  for  the  overall  program. 

1.2  PROGRAM  BACKGROUND 

Contaminant  deposits  can  change  the  optical  properties  of  thermal  control  surfaces 
and  optical  train  components,  and  hence  can  dcgr.tdc  the  performance  of  space  systems 
which  incorporate  these  surfaces.  The  amount  of  contamination  on  surfaces  of  this  type 
mud  therefore  Ic  controlled  withir  acceptable  levels  to  ensure  that  a  space  system  is  able  to 
function  effectively  over  its  lif:time.  One  of  the  major  sources  of  contamination  is 
outgassing  prixlucts  from  materials  of  construction.  Therefore,  the  impact  of  outgassing 
tr  ust  be  dctemiincd  at  the  design  stage  before  a  material  can  be  approved  for  use.  Until 
recent  years,  the  standard  method  for  detenoining  the  acceptability  of  a  material  was  to 
subject  it  to  a  screening  test,  llowevet,  there  arc  limitations  to  the  screening  method,  and 
wc  need  a  more  systematic  approach  to  dctcnninc  material  acccpt.ability  space  system 
performance  requirements  become  more  contamination-sensitive. 

Section  1.2.1  describes  the  screening  method  and  its  limitations.  Section  1.2.2 
desenbes  a  typical  systematic  approach  for  detennining  materials  acceptability.  Material 
outgassing  is  only  one  of  many  possible  sources  of  contamination,  so  Section  1.2.2 
describes  how  control  of  material  outga.ssing  is  folded  into  a  comprehensive  plan  for 
systematically  controlling  all  types  of  contamination.  Section  1.2.2  also  shows  how  this 
and  other  USAF  technology  programs  contribute  to  the  development  of  a  systematic 
approach  to  contamination  control. 

1.2.1  Materials  Acceptance  by  Screening 

The  standard  screening  procedure  used  by  the  industry  is  based  on  total  mass  loss 
(TML)  and  collected  volatile  condensable  material  vCVCM)  of  candidate  m«terials.  TML  is 
the  fraction  of  the  initial  sample  mass  ouigasscd  from  a  material  held  at  an  elevated 
temperature  in  vacuum  for  a  specified  period  of  time.  CVCM  is  the  percent  of  the  initial 
sample  ma.ss  that  coodcnscs  on  ?  specified  surface.  In  the  early  days  of  the  aerospace 
industr/,  TML  and  CVCM  were  measured  for  a  number  of  combin  itions  of  tes;  duration, 
sample  temperature,  and  collector  temperature.  These  tests  became  standardized  first 
informally  by  Stanford  Research  Institute,  and  then  formally  by  the  American  Society  for 
Testing  Materials  as  .\STM  C  595.  A  scry  sitniLv  test  spccific.ition  has  been  established  by 
NASA  Johnson  Spacefr^ht  Center  as  NASA  JSC  SP-R-0022A.  In  the  standatd  screening 
test,  the  sample  temperature  is  125°C,  the  collector  temperature  is  25'’C,  the  vacuum  is  <  5 
X  10‘5  torr,  and  the  test  duration  is  24  hours.  Spacccr.ilt  system  outgassing  is  controlled 
by  using  only  materials  with  very  low  values  of  TML  and  CVCM.  The  customary 
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maiehals  accepiaiKC  chteh':  Jiat  the  TML  and  CVCM  must  be  less  than  1 .0  percent  and 
0.1  percent,  respectively.  References  1  and  2  li.st  TML  and  CVCM  da'a  for  a  Large  number 
of  materials. 

Although  the  .screening  approach  has  seived  the  industry  well  in  the  past,  its 
limitations  have  become  increasingly  apparent  in  recent  years  as  space  systems  »uch  as 
optical  sensoi;  have  oecomc  more  ci>nt:imination-scnsitivc,  mission  lifetime  goals  have 
been  extended,  and  cost  effectiveness  is  being  stiwsscd  more  heavily.  The  limitations  of  * 

matcreials  screening  using  TMIVCVCM  data  inclu«*c  tlic  following: 

(i)  The  test  sample  and  collection  surface  tcmncraturcs  used  to  determine 
TNU.  and  CVCM  may  be  diflcrcnt  frot.t  the  temperatures  of  application. 

(ii)  “P.e  TML  and  CVCM  tests  only  provi.lc  d.ita  on  initial  and  final  conditions, 

I  uher  than  on  the  sanation  o'  otal  mass  lo<s  and  mass  deposition  with  ti.Tie. 

(iii)  The  1 ML/CVCM  pmc<  rre  requires  the  material  sample  to  be  chopped  into 
small  pieces,  which  is  not  ty  .cal  of  the  geometry  of  an  actual  application.  Since 
outgassing  rate  is  usually  geometry'-depcndeist.  chopping  up  the  sample  reduces 
the  relevancy  of  the  data. 

(iv)  The  CVC.M  test  uses  a  particular  test  apparatus  geometry,  so  the  data  cannot 
he  applied  directly  to  an  application  with  a  different  i^eomeiical  relationship 
berween  the  ouigassing  source  and  the  deposition  surface. 

(v)  The  acceptance  criteria  of  1 .0  percent  TML  and  0. 1  percent  CVCM  do  not  take 
into  account  the  total  amount  of  material  actually  used  in  a  system,  the 
relationship  between  the  amount  of  material  condensed  on  a  given  surface  and 
the  change  in  its  critical  optical  proputirs,  or  the  sensitivity  of  total  system 
performance  to  the  change  in  the  surface  properties. 

(vi)  The  test  provides  no  information  on  the  individual  behavior  of  the  several 
different  rpccies  outgassed  by  most  materials. 

Because  the  scree  ting  appro  x  h  uses  test  da.«  fer  a  single  set  of  conditions  in 
conjunction  with  arbitrary  acccptabilits  cntcria.  it  cannot  reflect  the  unique  requirements  of 
a  specific  system.  Depending  swi  the  coruaniinition  .sensitiv.ty  of  the  system,  the  screening 
appmach  may  le  too  restrictive,  and  hence  require  unnecessarily  cosily  materials,  or  not 
restrictive  ciough,  which  may  'erd  to  pcrfomiante  degradation  or  even  failure.  The  more  •• 

cosl-cflcciivc  appro.ich  is  ii'  derive  :dIo'  aide  conl.imiration  levels  by  flow  dow  n  from 
system  perform.iiicc  require  nenis  at  the  Mart  of  a  program  and  then  to  syMcnuiKally 
analyze  and  mixlify  the  system  des  gn  and  selected  itetial.'  to  e.isurc  that  these  levels  arc 
not  cxceed.'d. 

An  ••xampic  of  the  ticncfiis  of  using  the  systematic  approach  is  the  use  of  General 
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Electric  RTV  360  »dhe$jve  to  bond  the  insulating  tiles  to  the  exterior  of  the  Space  Shuttle 
Orttiter.  RTV  560  it  a  commercial  grade  adhesive  which  does  not  meet  the  I  (1A3.  i  percent 
TNtL/CVCM  screening  requirements,  but  is  less  than  one-tenth  of  the  cost  of  the  altcmaiivc 
low-volatility  aerospace-grade  adhesive.  However,  by  dctcniiining  allowable 
contamination  levels  syMcmalically  and  then  |Vffom.ing  material  outg.icsmg  and  deposition 
tests  under  realistic  oi>erating  conditions,  NAS;\  Johnson  Spaceflight  f'entcr  was  aWc  to 
show  that  RT\'  .ViO  was  acceptable  hv  the  Obiter  .ipplication. 

1.2.2  Materials  Selection  by  Systematic  Analysis 

In  the  systematic  approach  to  materials  selection,  the  signif'canvC  of  materials 
ouig.issing  is  assessed  as  part  of  an  overall  sy.icmatic  contamination  control  plar .  f  irst, 
mesimiim  allowable  ct  niaminatinn  levels  arc  drnvcd  lor  each  coniaminaiiop-sensitive 
surlacc  by  a  flow  dow  n  analysis  from  system  pciformancc  requirements  Contamination 
control  pnxcdurcs  arc  established  by  budg  ting  these  masiinum  allov  able  cortamination 
levels  over  all  phases  of  the  piogram  ar  d  then  constraining  the  design  and  operational 
procedures  in  each  of  these  phases  to  ensure  that  the  allowances  arc  not  exceeded.  F  igure 
1-1  is  an  example  of  systematic  cortamination  control  methodology  applied  to  an  optical 
sensor  system  with  specific  off  axis  rejection  tap.ibility  and  optical  throughput  perfonnance 
requirements.  lUch  element  of  the  methodology  is  dcsci  Vd  below. 

System  Performance  Sensitisity  Analyses:  llic  first  step  is  to  determine  the 
maximum  permissible  changes  in  surface  projKriics  by  performing  system  performance 
sensitivity  analyse?.  For  the  example  used,  a  ?y.slcm  throughput  analysis  is  performed  to 
determine  tlic  minimum  allowable  reflectance  or  iransmiii.incc  for  each  of  the  optical  tram 
components.  Also,  a  system  stray  light  analysis  is  performed  to  determine  the  maximum 
allowable  scatter,  expressed  ir.  terms  of  the  bidirectional  reflectance  distribution  function 
(URDIO.  from  tipiical  components  and  other  surf  .ices. 

Surface  Properly  Degradation  RudgcC:  A  loss  of  reflectance  or  transmittance,  or  an 
increase  in  IlRDl'  can  be  caused  by  imperfections  in  the  clean  surface  as  well  as  by 
conuminanis  The  total  allowable  degradation  of  stirfncc  profxnics  must,  therefore,  be 
budgeted  between  (he  separate  contributions  of  surf.ace  in. perfections  and  contaminants, 
nelcrniinaiicn  of  Allowab'^  C'ontcminalion  f.cvels;  The  maximum  allowable 
siirracf  cnntaminalinn  levels  are  determined  from  the  budgeted  maximum  allowable 
cont.iminant  induced  degradation  of  siitf.icc  p.'opcriirs  e iilier  by  predicting  ifiem  using 
a.i.ilyiic.il  ctxles  or  by  obtaining  llicin  ilireclly  ftom  an  rxj'rninenial  dalab.tve.  Kcflectancc 
and  ransmiii.iiue  changes  prcxluced  by  moirciil.ir  ilcposit'.  tan  be  piedicied  if  they  arc 
sinooih  and  ibe  optical  consianis  of  the  votitamin.inl  .are  known.  However,  most 
t'inl.iininants  .vc  untomirxm  chemical  s(>eci(  s  whose  (•(•lical  (  onslanis  arc  unknown,  s  » tJie 
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('{'tual  cffcvt  of  MTKxnh  «.lr[x»sit\  o‘lcn  must  be  detennined  cxj'crinKnully. 

ft  IS  cxliemcly  dilfKult  to  prevlut  U>c  rcIlcvt.iiKC.  Oainiiiilian^c  oi  UKDf-  t)f  i  surf, tee 
ct'ntaijunatcd  vmh  either  isl.iiul  tspe  nxilecular  deposits  or  paitit  lcs  betause  the  deposit 
geometry  is  usually  unknisvsn,  evert  tf  it  ^cre.  it  w  suld  be  difficult  to  solve  the 
elev  Cil'i'''ii''n\  (xH  mse  I'f  the  pconw in;  a!  *xn;n;!,irs'  euniliti:  ms  <••(  the 

islaiul  IS  [SC  Cs'iiti^iir.'tio'’  Sv'iie  ai'i'foxi:v„  I*'  tnixli  ls  luivf  tH'Cil  pn ')'<i  .cd  hi:t  tlinr  va!  .i.ty 
IS  lor  the  moNt  I'.irt  iii'ie  sled,  lliiis,  m  pr.KluC.  the  t.iiiounl  of  eon',  lur.n.int  on  a  surfiu  e 
eanni  t  be  lontnletuly  rel  itcd  to  the  resulting  eli.ii'gc  in  siirf.uc  optical  projx-itirs  ssithout 
using  an  expenmentaj  d.it.ib.isc. 

Although  there  are  ni.iny  data  on  the  optical  pn'pertu  s  of  eoni.niunaied  surfaces  in  the 
liict.iturc.  the  tv..itcn.ils,  s.irtaLCs.  ti’.d  test  conditions  .ii'.l  ('nx  e. lures  to  sih.icli  they  apply 
arc  Irenurntly  iiiconiplctcly  cpccilied.  IT.ese  cl.iia  arc,  ihrirforr,  not  s;;i!,ihle  (or  inclusion 
in  the  type  vf  stand, inh/rd,  universally  aic cpied  optu.  al  eficcis  c!,itah.ice  that  is  rieeded  to 
supjsort  a  systcniauc  conijmination  control  nieihmloloi'y.  In  rcsjss'nse  to  this  stltiaiion.  the 
I'S  Air  I  orcc  funded  tsso  technology  prog  ains  to  cstahlish  rch.ihle  d.itahaccs  on  the  I'ptii  al 
proj'ertifs  of  eoniaini,i,itcd  su:f,ices.  In  l‘>h  V  the  Air  l  one  Materials  .Nir-tory  fumlct!  a 
propam  at  Arnold  Mngtncenng  Development  Center  ( Al  DC)  to  generate  a  datalvisc  of  the 
optical  pmperties  of  surfaces  coiiiainmated  by  deposits  of  material  outgassing  products. 
The  Al-DC  ssork  is  reported  in  AKDC-TMR-R.'S- V2K.  September  OHS.  and 
AI  .DC'TR  June  l‘)K9.  In  19.S4,  the  A.t  l  eirceHiK  kct  IhoptiKion  I -aboratory  funded 
a  Surface  Cffccts  [-valuation  Study  pr' ^ram  with  (he  Hoeing  Aerospace  Company  to 
generate  a  database  of  optical  properties  «l  surfaces  cont.'.minated  by  motor  plume 
prtxlucts.  The  IlcKii.g  sviirV,  is  reported  in  Al  RPL-I R  K6  The  measurciiKnt  of 
optical  effects  of  motor  plume  ronl.iminants  is  now  being  funded  by  the  Air  [  orcc 
Aniuiivnt  Technology  [  jUiratory  (Ah All,). 

C'onliiniinalion  fliHlgrt  by  I'rogram  Phases:  The  total  inasimiim  nudccular  and 
particulate  coniamm.’iion  allowances  detennint-d  from  system  perfonnance  requirements 
nonnally  apply  to  end  of  mission  performance.  Since  coniamin.siion  levels  wui  increase 
durinr,  every  phase  of  the  program,  such  as  assembly,  acousne  and  thcnnaiyvacuiim  tests, 
shipping,  iniegraiion,  ascent,  tirbii.il  t'pcraiioiis,  etc.,  a  contamination  allowance  budget 
must  l<  p.Tpiurd  to  tlistributc  the  total  allowance  over  all  piogr.im  ph.sses. 

Coiilaniiiinnt  ('onirtil  [inptcmrnlulioii:  Conianun.iimn  control  prixedurrs  are 
csiaMr.hed  for  e.u  h  progi.im  pl..i  ,e  to  riisiire  In.il  coiii.iinm.iiioii  Irse Is  do  not  esceeil  the 
budgrird  .ilhuv.Tuc c.  I  or  the  pic  I.tiuk  h  pb.iscs.  the  i  oniiol  t'-i.  hi.ujurs  used  are  cir .uung, 
i  It  .in  iiK'His,  p.K  liag.ing,  etc  ,  for  wIik  h  an  csirtiMse  Iri  hnoli'g.y  sh  urd  by  ni.inv  tr'ic  stri.il 
hj';'!h  .iiu  ris  esiMs.  T  he  m.ijor  on  oib'i  c*  ni.iiiiiii.mi  soiiiies  ur  n.airtial  oiitg.issir.g  and 


pliMtK%  Tbfvf  cont*miTn!n>n  wiourx  iirr  n>nin<|l.»l  by  u\inj{  n>t’ipu!''r  b.i  vO 
i'lmutiiinjiii'n  n«»1rl\  to  f ttittuff  ihfir  nuji'iidulct  iivi  then  i.im\itain:n^  nutriMi 

Klr^t'i'o  wMcm  tif Mjn  to  kfrp  ib.f'iP  »  %Mihin  Nulprt  n>r  (,<Mii;uj'rr 

rntxli't  l!ic  v\')rn  i.Ci'inrtry  jnJ  :;t\.  vniiuc  jiritl  -.iiif,*!?  irtTipctrt’'irr«.  rti.  ,  ind 

uv  daial'.i'.c\  li>  rrprr '^'<1  pluinf  v.'t>iiiaini(i.int  (.rriri.ituni.  tni!j;.i'.v.ing  ratf.  i  >u 

kmc'u  \ 

A  rui’itwf  ot  pn>|'!if i.iry  and  daiabavc^  b^vc  Jiri-n  dcvrlt'twd  f"f  iinxl'-lir’j; 

('lir:x  and  inatorial  out Ct-.ii.irOMi.int  jrcnciaii.io,  o)ij;iaiian.  and  (IcpaMnon.  but. 
untd  mtntly.  nunc  of  thrxr  hail  ticcn  tanditdi/cd  t^ai  they  tould  be  uvcil  viiih 
n'l'.f  i.'f  til  f  m.liivirv  uide  Itfi  .'(I'.c  of  thii  iif-d.  ii.c  Air  loric  I'lxkri  l’t"|'ii!  .fn 
I  .ilx'tau  >ts  t»  1'  in  I  >f  I.  the  (  '  )N  I  AS!  i  ulr  t.<  pir.h.  |  i  u'  if  |'!.ioi(  i  ni'i  '  I'n  wi 

rr(»>uii.t  generaiii'n  and  Itanipoft  A  ilata*i.i<,e  of  nmior  pi,  u'c  lontaniitiaiion  prixtuit 
dcjiimtuin  k  iiiciu  \  hav  not  yet  IxTn  jjciieraicij  Dcvr  lopincnt  >f  the  ( '< )N  rA\1 1  ixlc  i\  now 
Iwinj;  vupfxirr.l  b\  the  Air  I  on  c  Amt.utK  nl  1  Ci hii- liop v  l^iUnaioty . 
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Section  2 

PROGRAM  REVIEW 


This  section  summarizes  the  work  performed  under  the  two  previous  phases  of  this 
Air  Force  Materials  Laboratoiy  program. 

2.1  PHASE  I  -  INDUSTRY  SURVEY  AND  LITERATURE  REVIEW 

Under  Phase  I  of  this  program  the  state  of  technology  for  measuring  outgassing  and 
deposition  kinetics  was  determined  by  making  a  survey  of  the  industry  and  reviewing  the 
literature.  This  information  was  then  assessed  to  determine  its  relevance  to  the  program 
objectives.  Based  on  the  results  of  this  assessment,  a  lest  method  approach  was  selected 
for  further  development  under  Phase  D. 

2.1.1  Technology  Survey  and  Review 

The  aerospace  industry  was  surveyed,  and  the  technical  literature  was  reviewed  to 
determine  the  current  state  of  development  of  analytical  and  experimental  methods  for 
measuring  the  outgassing  characteristics  of  materials  and  the  kinetics  of  deposition  by 
adsorption  and  condensation  of  molecular  fluxes  impinging  on  surfaces.  The  results  of  the 
survey  and  review  are  presented  in  Reference  3  (Phase  I  Report,  Vol.  D. 

The  industry  survey  began  by  circulating  a  questionnaire  to  determine  how  the 
aerospace  industry  currently  makes  these  measurements.  Following  receipt  of  the 
completed  questionnaire,  a  workshop  with  members  of  the  aerospace  industry  was  held  at 
Aerospace  Corporation,  El  Segundo,  CA,  where  the  overall  problem  of  measurement  of 
outgassing  and  deposition  characteristics  was  reviewed.  Following  the  workshop,  a 
summary  report  presenting  conclusions  drawn  from  the  workshop  was  prepared.  The 
results  of  the  questionnaire,  the  material  presented  to  the  workshop,  and  the  summary 
report,  are  contained  in  Reference  3  (.'lection  2,  Appendix  A,  and  Appendix  B). 

The  literature  review  used  computerized  searches  of  the  relevant  abstract  services  to 
identify  more  than  850  journal  articles,  reports,  conference  proceedings,  and  books.  This 
literature  was  indexed  according  to  subject.  The  review  methodology,  the  bibliography, 
and  the  subject  index  are  presented  in  Reference  3  (Section  3  and  Appendix  C). 

2.1.2  Technology  Assessment 

The  information  obtained  from  the  Technology  Survey  and  Review  was  assessed 
with  the  objective  of  determining  a  preferred  outgassing/deposition  test  method.  Because 
the  purpose  of  the  test  method  was  to  support  space  system  contamination  migration 
modeling,  a  review  of  modeling  methods  and  their  database  requirements  was  made.  The 
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basic  physical  phenomena  involved  in  material  outgassing  and  molecular  deposition  were 
discussed,  and  available  physical  models  for  these  phenomena  were  reviewed.  Available 
experimental  methods  for  characterizing  these  phenomena  were  evaluated,  and  published 
data  were  summarized,  'fhc  results  of  this  assessment  are  presented  in  Reference  4  (Phase 
I  Report,  Vol.  II). 

2.1.3  Test  Method  Selection 

The  requirement  set  for  the  test  method  is  that  it  must  be  capable  of  generating  the 
following  types  of  data. 

(i)  The  total  mass  loss  and  the  outgassing  rate  of  an  isothermal  sample  per  unit 
mass  and  per  unit  exposed  area  as  a  function  of  time. 

(ii)  The  fraction  of  the  total  outgassing  flux  that  will  deposit  on  a  surface  as  a 
funedon  of  surface  type,  temperature,  and  time. 

(iii)  The  identity  of  each  cutgassed  species. 

(iv)  The  fraction  of  each  species  in  the  outgassing  Hux  as  a  funedon  of  dme. 

(v)  The  rate  of  surface  deposition  of  each  outgassing  species  as  a  function  of 
surface  type,  temperature,  and  rime. 

The  total  outgassing  and  deposition  data,  requirements  (i)  and  (ii)),  could  be 
measured  using  technology  available  at  the  beginning  of  the  program,  but  the  technology 
for  determining  the  contribudons  of  each  of  individual  species,  requirements  (iii),  (iv),  and 
(v),  did  not  exist  at  that  rime.  Although  we  hoped  to  base  as  much  of  the  test  method  as 
possible  on  existing  technology,  we  decided  to  develop  species  resolution  technology  on 
the  program  because  it  was  highly  desirable  to  be  able  to  characterize  the  behar'^or  of  the 
individual  species. 

To  satisfy  the  five  data  requirements,  a  test  method  made  up  of  several  different 
measurement  techniques  was  selected.  Figure  2-1  is  a  schematic  of  the  apparatus,  while 
Fig.  2-2  shov/s  the  overall  test  methodology,  the  data  reduction  procedures,  and  the  data 
output.  Isothermal  outgassing  and  deposition  kinetics  are  measured  using  the  QCM  (quanz 
crystal  mic.-obalance)  collection  technique.  The  total  mass  loss  and  total  outgassing  rate  of 
a  constant  temperature  material  sample  are  determined  by  collecting  the  outgassing  flux  on  a 
liquid  nitrogen-cooled  QCM.  The  deposition  rates  of  the  outgassed  species  on  selected 
higher  temperature  surfaces  are  measured  by  collection  on  temperature-controlled  QCMs. 
The  sample  total  mass  loss  is  also  determined  from  ex  situ  pre-  and  post-test- weighings  to 
provide  correlation  with  the  ASTM  E  595  test 

The  contribution  of  each  individual  species  in  the  outgassing  flux  is  monitored  using 
a  mass  spectrometer.  The  relative  contributions  of  each  species  to  the  total  outgassing  flux 
can  be  determined  from  the  total  mass  spectra  recorded  during  outgassing  if  the 
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Fig.  2-2  Overall  Test  Methodology 


fragmentation  patterns  of  the  individuil  species  are  known.  The  test  method  obtains  these 
fragmentation  pattern  data  using  two  QCM*based  thermal  analysis  (QTA)  techniques 
known  as  QCM  thcrmogravimetric  analysis  (QTGA)  and  QTA  plus  mass  spectrometry 
(QTA/MS).  The  QTA/MS  technique  appeared  to  offer  the  most  potential  for  obtaining 
individual  species  mass  fragmentation  pattern  data  within  the  scope  of  the  test  method,  but 
it  required  development  of  new  technology  and  so  had  associated  risk.  Because  of  this 
risk,  further  supporting  data  on  the  behavior  of  individual  outgassed  species  are  obtained 
from  a  separate  off-line  gas  chromatography/  mass  spectrometry  (GCVM.*;)  test.  * 

The  elements  of  the  test  method  and  the  reasons  for  their  selection  are  discussed  in 
the  following  subsections. 

2.1. 3.1  Isothermal  Outgassing/Dcposition  Test 

The  three  candidate  methods  for  measuring  total  outgassing  rate  in  vacuum  are  the 
vacuum  microbalance,  pressure  measurement,  and  mass  collection  methods.  Reference  4 
presents  a  detailed  comparison  of  these  methods. 

Outgassing  rate  determination  by  placing  the  sxmple  on  the  scale  pan  of  a  vacuum 
microbalance  is  direct  and  unambiguous,  but  the  size  and  sht'pe  of  the  sample  are  limited  by 
the  mass  capacity  of  the  balance,  and  geometric  limitations  are  placed  on  the  saniple 
because  of  the  need  to  position  it  on  the  balance  pan.  Also,  it  is  difficult  to  transfer  heat  to 
the  sample  without  disturbing  the  mass  measurement.  Vacuum  microbalances  must  be  very 
carefully  installed,  grounded,  and  operated  if  their  full  measurement  potential  is  to  be 
realized. 

Outgassing  rate  can  also  be  determined  using  one  of  several  methods  based  on 
measurement  of  the  pressuie  in  a  vacuum  chamber  with  and  without  a  material  sample 
present.  These  methods  are  known  as  the  rate  of  rise,  rate  of  fall,  and  throughput  methods. 
Pressure  measurement  methods  are  simple  and  inexpensive,  and  were  widely  used  in  the 
early  days  of  the  ultrahigh  vacuum  industry  to  measure  outgassing  rates  of  materials  near 
ambient  temperature.  They  have  limited  range  and  resolution,  and  arc  difficult  to  execute  at 
temperatures  lower  or  higher  than  ambient  because  of  sorption  interactions  between 
outgassed  species  and  the  chamber  walls. 

In  the  mass  collection  method,  the  mate  al  sample  is  placed  freely  in  the  vacuum 
chamber  or  in  an  effusion  cell.  The  outgassing  flux  from  the  sarr;plc  is  collected  by 
condensation  on  a  cooled  mass-measurement  device,  such  as  a  plate  suspended  from  a 
vacuum  microbalance  scale  pan  or  the  surface  of  a  QCM.  The  sample  outgassing  rate  is 
calculated  from  the  mass  collection  rate  and  the  view  factor  between  the  collector  and  the 
sample  or  the  effusion  cell  orifice. 

llie  mass  collection  method  using  a  liquid  nitrogen-cooled  QCM  as  the  collector  and 
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an  efTusion  cell  to  hold  the  sample.  The  QCM  is  the  preferred  type  of  collector  because  of 
its  high  sensitivity,  its  wid.:  dynamic  range,  and  its  ease  of  u^.  The  collector  QCM  is 
cooled  to  liquid  nitrogen  temperature  because  most  outgassed  material  will  condense  at  this 
temperature.  Cooling  to  a  lower  temperature  would  incur  a  major  increase  in  test  cost  arid 
apparatus  complexity. 

Use  of  an  effusion  cell  permits  the  sample  to  h-ivc  any  size,  shape,  or  temperature 
consistent  with  the  cell  design.  The  collcctor-to-cell  orifice  view  factor  becomes  an 
apparatus  constant,  independent  of  the  sample  geometry.  The  mass  collection  method 
could  be  used  equally  well  with  a  free-standing  sample,  but  the  collector-to-sample  view 
factor  would  have  to  be  calculated  for  each  new  sample. 

The  QCM  collection  method  can  be  readily  adapted  for  measuring  the  condensability 
of  the  outgassed  species  at  temperatures  other  than  liquid  nitrogen  temperature  by  using  the 
same  basic  apparatus  design  with  additional  collector  QCMs  operating  at  higher 
temperatures. 

The  test  method  includes  determination  of  sample  total  mass  loss  by  pre*  and  post-test 
weighing  on  a  laboratory  balance.  This  provides  t>  check  on  the  total  mass  loss  determined 
by  the  collection  data,  as  well  as  correlation  with  ASTM  E  595  data. 

An  additional  benefit  of  the  QCM  collection  method  is  that  it  permits  some  aspects  of 
the  behavior  of  different  outgassed  species  to  be  characterized  using  QCM  thermal  analysis 
(QTA)  procedures  described  in  Section  2. 1.3.2. 

The  technology  assessment  task  revealed  that  the  only  viable  candidate  technique  for 
real  lime  qualitative  and  quantitative  characterization  of  outgassing  species  in  vacuum  is 
mass  spectrometry.  The  mass  spectrometer  i,  positioned  so  that  its  ionizer  secs  the 
outgassing  flux  leaving  the  effusion  cell  orifice  and  is  used  to  record  mass  peak  intensities 
over  a  selected  mass  range  as  a  function  of  time  during  the  isothermal  outgassing  test.  At 
any  point  in  time  the  outgassed  molecular  flux  may  contain  several  different  chemical 
species,  so  the  recorded  mass  peak  intensities  will,  in  general,  be  the  sum  of  the 
contributions  of  several  species.  The  contributions  of  the  individual  species  can  be 
resolved  if  the  mass  fragmentation  patterns  and  ionization  constants  of  each  species  are 
known.  If  the  fragmentation  pattern  of  a  species  contains  a  unique  peak,  then  the 
outgassing  rate  of  the  species  can  be  tracked  by  following  the  variation  of  that  peak  with 
time.  If  the  pattern  does  not  show  a  unique  peak,  a  deconvolution  algorithtrrmust  be  used 
to  resolve  the  behavior  of  each  species.  The  proposed  test  method  calls  for  obtaining  the 
individual  species  fragmentation  pattern  and  ionization  constant  data  by  developing  a 
procedure  known  as  QFA/MS  in  which  mass  spectrometry  is  performed  during  QTA.  This 
procedure  is  described  in  Section  2. 1.3.2. 
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2.1J.2  QCM  Thermal  Analysis  (QTA) 

During  an  outgassing  test,  the  deposit  formed  on  the  collector  QCM  contains  a  sample 
of  the  outgasscd  species  in  the  same  relative  proportions  in  which  they  were  outgassod. 
This  deposit  can  be  examined  by  two  QCM  thermal  analysis  (QTA)  »echniqucs,  which 
involve  healing  the  QCM  in  a  controlled  manner  and  measuring  the  behavior  of  the  deposit. 
!n  QCM  thermogTbVimciiic  analysis  (QTGA).  the  mass  remaining  on  the  (^CM  is  measured 
as  a  function  of  temperature  as  the  various  condensed  species  evaporate  in  different 
temperature  regimes,  according  to  their  volatilities.  This  measurement  determines  the 
fraction  of  the  total  outgassing  product  which  is  condensable  at  a  given  surface 
temperature.  In  work  performed  on  a  Lockheed  Indcpc  dent  Research  and  Development 
(IRAD)  project  (5)  prior  to  this  contract,  it  was  shown  that  if  there  were  relatively  few 
species  in  the  deposit  and  if  their  volatilities  differed  significantly  they  cot  Id  y:  separated 
by  QTA  and  their  relative  aoundanccs  could  be  determined  by  QTGA.  Further,  because 
each  species  has  a  unique  evaporation  rate/temperature  characteristic,  it  may  even  be 
possible  to  identify  a  species  chemically  from  QTGA  data. 

Jn  QTA  plus  ma.ss  spectrometry  (QTa/MS),  the  flux  evaporating  from  the  QCM 
during  QTA  is  monitored  using  a  mass  spectrometer.  If  QTA  can  effectively  separate  the 
individual  species  in  the  deposit,  this  technique  becomes  a  form  of  chromatography,  and 
the  mass  speetrometer  will  be  able  to  determine  the  mass  fragmentation  pattern  of  each 
species  directly.  Also,  the  relative  response  of  the  mass  spectrometer  to  each  species,  and 
hence  their  ionization  constants,  can  be  calculated  by  relating  the  instantaneous  mass 
spectrometer  peak  intensities  to  the  instantaneous  evaporation  rate  indicated  by  the  (^'M. 

Since  mass  spectrometry  itself  is  a  proven  technique,  the  success  of  QTA/MS,  and 
hence  the  methodology  for  deiermiring  the  outgassing  rates  of  the  individual  species, 
depends  entirely  on  the  ability  of  QTA  to  separate  the  individual  species.  Although  QTA 
resolution  capability  had  been  demonsaated  for  simple  deposits,  its  ability  to  resolve 
deposits  with  many  species  of  similar  volatilities  in  a  routine  measurement  had  not  been 
proven  at  the  outset  of  the  program.  If  QTA  was  not  able  to  separate  the  individual  species 
adequately,  then  an  algorithm  to  deconvolute  the  QTA/MS  data  would  have  to  be 
developed.  This  would  be  a  major  new  undertaking  and  would  be  outside  the  scope  of  the 
program.  The  species  separation  capability  of  QTA  was  therefore  the  highest  risk 
component  of  the  proposed  test  methodology. 

2.1.3.3  Gas  Chromatography/Mass  Spectrometry  (GC/MS) 

Because  QTA/MS  had  not  been  demonstrated  at  the  time  of  test  selection,  it  was 
decided  to  include  a  separate  off-line  gas  chromaiography/mass  spectrometry  (GCMS) 
measurement  in  the  lest  procedure  to  provide  adrliiirnal  supporting  species  characicriraiion 
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data.  CC/MS  is  a  standard  analytical  chemistry  test  ir.  which  the  material  sample  is  heated 
in  a  flowing  stream  of  helium  while  the  evolved  species  are  collected  in  a  liquid  nitrogen 
trap.  The  trap  is  then  heated  and  the  evolved  species  are  separated  in  c  chromato.'^ph 
column,  detected  by  a  mass  spectrometer,  and  idcntif  jd  by  comparing  mass  fragmcniarion 
pattern  data  with  a  standard  library. 

Because  of  the  prvscncc  of  the  helium  carrier  1 1  lower  volatility  species  may  noi  be 
evolved  in  detectable  quantities  during  GCTNIS.  On  t'ej  other  hand,  the  relatively  high 
sample  temp>;rature  usually  used  in  GC/MS  (e.p.,  r50°C  at  Lockheed)  may  produce 
thermal  degradation  produ.'ts  which  would  not  be  present  during  vacuun)  outgassing. 
'iTese  issues  wex  investigated  in  t’hase  II. 

2.2  VHASE  II  .  TEST  METHOD  DEVELOI’Ml  NT 

Under  Phase  II  of  the  program,  the  measurement  capabilities  of  the  test  method  were 
developed  and  evaluated,  and  a  draft  test  procedure  for  implementing  the  test  method  was 
prepared.  Work  performed  under  this  phase  was  reported  in  the  Phase  11  Task  Repoii  (6). 

2.2.1  Measurement  Capability  Development  and  Evaluation 
The  measurement  capabilities  diat  were  addressed  were  as  follows: 

(i)  The  accuracy  of  tlie  QCM  collection  technique  for  measuring  sample  total  mass 
loss,  total  outgassing  rate,  and  total  deposition  rate. 

(ii)  The  use  of  mass  spectrometry  to  monitor  the  outgas.sed  species  in  the  outgassing 
flux  quantitatively  over  a  long  duration  test 

(iii)  The  ability  of  QTA  to  resolve  the  individual  species  in  a  condensed  deposit 

(iv)  The  relationship  between  the  species  identified  by  GC/MS  and  the  species 
released  in  a  vacuun  outgassitig  test. 

2.2.1. 1  Outgassing  and  Deposition  Rate  Measurement 

The  practicality  of  the  QCM  collection  technique  for  measuring  the  loutl  outgassing 
rate  of  a  sample  held  in  an  effusion  cell  had  been  proven  in  an  earlier  Lockheed  IRAD 
project  (7].  The  use  of  QCMs  heid  at  different  temperatures  to  measure  relative  deposition 
rales  had  been  well  established  throughout  the  industry  and  had  also  been  demoristrated  as 
a  basic  research  technique.  The  major  remaining  developmental  issues  sven*.  assessment  of 
the  measurement  accuracy  of  these  techniques  and  estimation  of  the  effect  of  the  effusion 
cell  pressure  on  the  magnit-jde  of  the  measured  total  ma.ss  loss. 

2. 2.1. 1.1  Measurement  Accuracy 

The  sample  outga-'-sing  rate  is  calculated  from  the  change  in  QCM  frequency,  the 
QCM  ma.ss  sensitivity  constat.*.,  the  fraction  of  the  outgassing  flux  which  is  condensable  on 
a  liquid  nitrogen -cooled  QCM,  and  the  di.stribution  of  flux  leaving  the  effusion  cell  orifice. 
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The  deposition  rate  is  calculated  from  the  change  in  QCM  frequency  and  the  QCM 
sensitivity  constant.  The  accuracy  o*  these  measurements  was  assessed  in  two  svays. 
Fiist,  the  accuracy  to  which  each  of  these  individual  factors  rould  be  detennined  was 
evaluated.  Second,  the  tot.il  tr.ass  lo.ss  ineasircd  .n  situ  by  collection  and  calculated 
using  all  of  these  f.ictors  together  was  compared  w  ith  the  value  determined  by  pre-  and 
post-test  ex  sttu  weighing. 

Accuracy  of  Individual  Factors: 

The  QCM  frequency  is  stable  to  ±1  Hz  as  long  as  the  temperature  remains  constant, 
and  can  be  measured  to  an  accuracy  of  better  tiian  I  Hz.  Since  the  total  change  of  QCM 
frequency  during  an  outgassing  test  is  in  the  range  of  about  1  to  10  kHz  the  mass 
iiKasurcmcnt  error  resulting  from  Qf'M  frequency  measurement  error  is  negligible. 

Following  standard  practice,  the  QCM  mass  sensitivity  constant  used  was  the 
theoretical  value  for  a  10-MI  Iz  cry.'.tal  of  4.43  x  10'^  g/cm^  Hz.  The  literature  reports 
many  cxperimetits  in  which  the  mass  sensitivity  of  the  OCM  was  calib'aied  against  the 
vacuum  microhalauce.  All  of  these  experiments  conclude  that  for  a  uniform  deposit  the 
measured  QCM  mass  sensitivity  constant  is  equal  to  the  thcorc'ica*  value  to  within  ±  2 
percent. 

The  molcculi';  flow  distribution  from  the  effusion  cell  orifice  was  measured,  and  the 
data  were  compared  with  a  theoretical  relationship  derived  by  Causing  (8;.  The  predicted 
and  measured  distributions  agreed  to  within  ±2  percent,  so  the  QCM-to-ccIl  view  factor  is 
known  to  •!  .s  accuracy. 

The  apparent  outgassing  rate  measured  by  a  liquio  nitrogen  temperature  QCM  m-y  be 
Ic.s$  than  the  true  v;  ■  c  since  some  ps>ssiblc  outgassing  species  sueh  as  nitrogen,  oxygen, 
hydrogen,  etc,  arc  not  condensable  at  this  temperature.  Mass  spcctroncicr  measurements 
have  indicated  ih.i'  for  most  polymeric  materials,  tnc  contribution  of  these  species  is  usually 
very  small.  Tliis  observation  is  reinforced  by  the  excellent  agreement,  noted  below,  that 
was  obtained  between  inr  total  mass  loss  determined  by  QCM  collection  and  by  ex  situ 
weighing.  For  low  oi’gassing  materials  such  as  metals,  the  contribution  of 
nonconJcnsablc  gases  m.iy  be  more  significant.  However,  ihc  presence  of  species  not 
condcnsabic  at  iiquid  iiitrogcn  temperature  can  be  readily  dcic'icd  by  the  mass 
spectTomcirr,  and  ihc  QCM-rT,tiisiired  data  can  be  corrected  appropriately  in  allow  for  the 
conirihiiiion  of  these  .species. 

Comparison  of  In  .Situ  und  Fx  Situ  Mcasurcmcnis: 

The  total  rr.ass  loss  dcicmiincd  by  the  QCM  collection  technique  was  compared  with 
the  total  mass  loss  determined  by  pre-  and  post-test  ex  situ  weighing.  T-a'o  sysicr.i.itic 
effrets  can  affect  the  accuracy  of  the  apparent  mass  loss  determined  by  i.ach  of  these  two 
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methods,  r.x  situ  weighing  will  indicate  an  erroneously  low  value  of  mass  loss  if  there  is 
signifu-ant  regain  of  water  vapor  and  other  atmospheric  species  between  removal  of  the 
sample  from  the  vacuum  chambci  and  post  test  weighing.  The  collection  method  will 
mdic.uc  d  low  loMl  mass  loss  if  the  sam;  Ic  ouiga  .scs  a  significant  amount  of  material  not 
coiidcn^aMc  at  iK]iiid  ininv’.cn  lempcraturc  and  the  (JCM  ilaia  are  not  corrected  u^ing  mass 
N|'Cvt:omc:cr  d.it.i.  1  he  two  sets  ol  ila^a  shi  nld  show  licst  agteement  with  each  other  and 
should  gisc  a  total  mass  ioss  vale  wliieli  is  closer  to  the  absolute  lota’  mass  loss  in  vacuum 
when  the  amount  of  nitrogen,  osygen,  and  water  vapor  in  the  outgassed  products  is 
minimal. 

The  extent  of  the  effect  *  T  atmospheric  components  on  ex  situ  and  in  situ  total  mass 
loss  was  investigated  by  comp.ir.iig  the  total  mass  loss  detcmiincd  by  the  two  methods  for 
a  number  of  mctenals.  Except  for  unusual  ca.ses  such  as  mylar  film  which  has  a  dramatic 
weight  regain  on  reexposure  to  the  atrriosp'ic.'c,  we  found  that  the  data  obtained  by  the  two 
methods  agreed  to  ±2  percent.  We  concluded  from  this  agreement  that  the  effect  of 
nonconden-  able  gases  was  indeed  negligible  in  most  eases. 

The  tcst-to-icst  repeatability  was  examined  by  testing  scvci  I  samples  of  one  material 
under  identical  conditions.  Repeatability  was  found  to  be  in  the  ±  2  percent  range. 

2.2.1. 1,2  Effusion  Cell  Effects 

Use  of  ai'  effusion  cell  to  hold  the  sample  makes  sample  preparation  and  inseiiion 
much  simpler,  a  id  eliminates  the  need  to  calculate  tbc  QCM-to- sample  view  factor  anew  for 
each  sample.  However,  to  establish  a  net  mass  flow  through  the  effusion  cell  orifice,  the 
pressure  in  the  cell  must  be  higher  than  the  outside  pressure.  The  cffcci  of  finite  cell 
pressure  is  to  cause  some  of  the  outgassed  species  to  be  readsorbed  before  having  the 
opportunity  to  leave  the  cell.  This  effect  will  reduce  the  measured  total  mass  loss  and 
outgassing  rate  below  the  values  which  would  occur  in  a  perfect  vacuum.  The  magnitude 
of  this  effect  on  total  mass  loss  (TNtL)  was  assessed  by  conducting  a  series  of  tesu  using  a 
modified  ASTM  0  595  apparatus.  The  ASI'M  E  595  apparatus  incorporates  24  sample 
effusion  cells  with  screw-in  caps  which  carry  the  cell  orifice*.  The  diameters  of  some  of 
the  cell  orifices  were  reduced  by  v.irious  factors  by  insertion  of  reducer  plugs,  while  the 
orifices  of  some  cells  were  left  at  the  standard  A.SIM  E  .*195  di.imrtcr.  The  c.ip  from  one  of 
the  cells  was  removed  entirely  so  as  to  reduce  the  back  pressure  for  this  cell  to  a  minimum. 
A  series  of  identical  samples  were  pl.iccd  in  these  cells  .nnd  were  exjKiscd  to  vacuum  for  the 
saiiK  rime  and  temperature.  Tlic  ratio  Ixitwccn  the  TMI.  data  for  .specimens  in  cells  with 
reduced  orifices  to  the  'PME  for  the  cell  wiilinut  an  end  cap  wct  then  rr'.itcd  to  the  pressure 
in  the  cell,  which  was  ..alculaicd  from  the  iir  ss  loss  and  the  orif'cc  conductance.  It  was 
concluded  that  as  long  ai  the  cell  pressure  is  less  than  alxiut  10  ^  lorr,  the  effect  of  cell 
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pressure  on  TNtL  js  mirunal.  and  if  the  pressure  is  lower  than  10  tore  the  tell  presuirc 
effect  can  Iv  ncj^lccicd.  C.ilculations  show  that  for  the  0  125  inch  diameter  tc'l  orifice 
chosen  for  the  new  test  app.  ranis  (Section  3).  the  cell  pressure  nuy  exceed  these  values 
hnctly  at  the  Ix'c.tn.'unj;  of  a  test  on  a  'irpe  or  hap'i  oatj^assinj*  sample,  hut  the  pressaic  will 
fall  rapiilly  to  a  nc};lij;.Me  s  I'uc  as  the  miip.assini;  i;-tc  decays  with  time. 

We  coi'cUulcd  from  the  alvsvc  inscstigations  that  the  accuracy  of  mass  lr>ss 
dctcnv.inatioi'  bs  the  QCM  collection  was  at  le.ist  as  high  as  ex  smt  weighing,  rej'eatabi’ity 
was  gixvl.  and  the  contnhution  of  each  of  the  factors  affecting  the  mass  loss  calculation 
was  ssell  uiulcr\io*xl  llte  accuracy  with  which  most  of  the  contributing  factors  is  knossn 
IS  ('f  ihc  order  of  12  [XTccnt.  so  the  overall  accuracy  should  Ixr  of  the  order  of  atw*  a  15 
percent  ihc  accuracy  s'f  the  (Irposition  measutemeni  depends  on  fcwc.  factors  tli  the 
oulgassing  measurement,  and  should  be  accurate  to  ±2  percent. 

2.2. 1.2  Ma.ss  Spcclroniclry 

The  Phase  11  .activities  sscrc  conducted  using  a  1-300  amu  UTl  mas.;  spccmaneicr 
interfaced  with  a  Hewlett  I’ackaid  compuicr.  lor  the  Phase  II  lixtcnsion  test  prot^’am,  thi.s 
system  was  replaced  by  a  2-1023  amu  BaUcis  mass  spectrometer  interfaced  with  an  IBM 
PC  computer.  Roth  systems  worked  very  well,  were  very  reliable,  and  had  excellent 
vafiwarc  offering  a  wide  variety  of  dat.i  aci]uisitioo.  viewing,  i.nd  storage  options,  13tf 
Balreis  mass  spectrometer  was  chosen  for  the  Phase  II  extension  because  of  its  grc.atcr 
scnstiivity  and  higher  mass  range. 

The  use  of  mass  spectrometry  for  in  situ  monitoring  of  different  molecular  species  is 
well  cst.iblishcd  and  needed  no  further  development  for  this  program.  The  only  area  of 
jncertainty  regarding  the  mcasuicmc.'.t  capability  of  the  m  iS  spcctron<tcr  was  its  stability 
over  the  pcriixl  of  an  oulgassing  test  Mass  spectrometer  stability  and  respo..s«  *o  spectfic 
species  IS  affected  by  a  number  of  pirametcrs  such  as  ionizer  emission  current  and 
efficiency,  transmission  of  the  qu.ndrupolc  mass  filter,  and  elcctrori  multiplier  gain.  The 
stability  of  me  m.iss  spocimmcicr  was  vetificJ  by  monitoring  the  output  signal  in  siiu.aiions 
in  which  the  mass  flux  through  Ihc  ionizer  was  constant  or  known.  In  an  initial  test,  the 
mass  spectrometer  response  to  the  quasi-constant  long-duration  fragmentation  pattern 
signatures  of  the  v.icuuni  chamber  background  was  measured,  and  was  found  to  be  very 
uahle.  lltc  stability  was  confirmed  foi  a  higher  signal  level  by  m  miioring  the  flux 
fvajxtialing  from  a  sample  of  caprol.i.  lam  (a  monomer  of  Nylon  b)  with  the  UTI  mass 
cprctronvlrr  and  a  collector  0('M.  (’orrelation  of  the  Q(’.M  data  and  the  mass  sjxt  inxiieirr 
data  showed  th.it  tl'.c  response  o(  the  m.iss  spectiomeicr  was  constant  over  periixls  of 
several  days.  Ihc  resjx.Tsc  sl.iluliiy  of  ilic  B.il/cts  iita  ,s  spectrometer  w.is  confirmed 
during  I’hasc  II  I'.xlcnsion  ^'y  llic  haskgnuind  luomtoiuig  tecliniquc. 
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2.2. 1. yi'M  Thermal  Analysis  (QTA) 

Tli<*  QT\  niCu  urcnicnt  ic(.}inu;uc  ir.vliulcs  U>lh  QIXiA  and  (^rAAI-S.  PrrvuHis  %*T>rk 
|.'|  vHciNMi  il.,n  Ql  ^jA  t.in  pnn  ulc  convi  'rr.Tblc  infor..i.ilion  c»n  ihf  ni.tw  (.iiRip-mtuin 
aiul  properties  <'f  i!ie  d  'posii.  b.ii  tli.it  it  li.u  se'  ei.tl  si^riilK.int  litiiitjtions.  M.-ny  r’f  these 
Iiii;;,,i;..''is  e  'mI.I  Ih*  oss'uo'iu*  I'y  Tiii'r;.;o!i-ij-.  the  es .ipoi ,t;i i; j;  flux  ssith  a  rii.iss 
sjvetroiocirT-  Sirue  the  .ipp.ivitiis  vlors  iiu  1  i.'o  a  tr  iss  sfvi  ti  on  lets' r.  any  N•:lrflI^  to  K  i  A 
to  Ih‘  p.iit'ed  by  its  use  ssmil  l  bo  iiiKoseied  .'ntinj*  (,>I'A/MS.  Ilcsaiise  s'f  this 
eoiniiK  n.\lity,  ansi  that  the  sl.ita  sni'piit  I'om  QUIA  was  not  eritisal  to  soinpletio):  ti  e 
pa'[H'scsl  data  reduction  metlnxlolopy,  further  deseU'nmcnt  of  QK'A  on  Phase  11  was  n<n 
given  a  high  pnoniy  Hie  iierfonnatv  c  ansi  limitations  of  QKiA  aic  icvicwcsl  in  Srtnon 
:  :.l  .VI. 

Tlie  QTAi'MS  nicasiireoient  is  (  ritical  to  the  suotess  of  the  pr.ic'e<Iirc  of  I  ig  2-2 
liccaiise  It  provisles  the  mass  frap.ine  nation  putcrn  d.aia  needed  to  interpret  and/.u 
deconvolnte  the  nir.ss  spectra  measured  durir.^  ib.c  isothermal  test.  Mos*  tif  the  Phase  II 
I'evcUsptnent  work  on  QTA  therefore  ad.lrcssed  QPAAIS.  The  QTAAI-S  leihn.qae  is  a 
novel  fsTm  of  in  situ  gas  cliroinaiogi.iphy  sshich,  if  successfully  dcvcloiied,  would  he  a 
significant  contribution  to  tlie  i.*chnoIogy  of  analyiical  cbeniotry.  Its  develop. nent  was  a 
very  ambitious  task  to  undertake  and  C'Ttainly  could  riot  be  tompict'  J  under  the  scope  nr 
schedule  of  Phase  11.  The  work  accomplished  (»ii  Ph.ise  11  sva,  thus  of  a  preliminary 
nature.  Areas  of  QTA  perform.incc  needing  development  were  identified  and  some 
preliminary  performance  evaluations  of  QTAA1S  were  m.idc.  Dcvelopmeiil  of  QTAA1S 
continued  under  the  Phase  II  lixtc.ision  and  is  described  in  .Section  5  of  this  report. 
2.2.t.3.i  QTGA  Perfurmance  Factors  and  IJmilation.s 

Tlie  three  main  facic’Ts  which  charactcn/c  flic  pcrfonnancc  of  QTGA  a’C  species 
separation  capability,  temperature  displacemeni.  and  dcfc;iion  se nsiiivify  Performance  is 
also  limited  by  liguefaclion  of  the  dcpsisit  and  foiiruiiion  of  n/rotrojics. 

Separation  capability  is  the  ability  todisiingiush  two  species  wiili  similar  evaporaPon 
charactensfics.  If  tw'o  sjiecies  b.’vc  evaporation  ch.it.ic icnstics  winch  ■liffrr  by  laily  a  snuill 
■rTviuiit,  then,  as  the  Qt'M  is  hraied,  the  less  vol.iiile  sj>ccirs  in.iy  begin  to  evaporate  at  a 
sicnificant  rate  before  the  more  volatile  species  h.i«  completely  cvajvirated.  In  this  case,  the 
net  evajwiraiicn  rate  "neasiircd  by  the  QCM  will  ir.^liiiir  the  lontnhutions  of  both  species, 
and  these  contributions  cannot  iie  s  ’para'ed  iiong  QCM  dai.i  iilone.  The  degree  of  sp.ecics 
ovfilap  can  be  rtjiicrd  by  hrjimp  the  QCM  moic  slowly  or  by  using  «  smaller  miti.il 
deposit  mass.  Itoili  these  approa.  hes  will  c  m  e  a  higher  fr.uiion  of  the  t.virc  vol.iiilr 
species  to  leave  'he  Q('M  tieforc  the  ev.i[x>r..lior  r.iie  of  ihv  less  voi.nilc  s)seiies  becomes 
f  gnifisant.  However,  boil,  appro  ichrs  arc  somewliai  impiiu  tu  nl.  llsmg  the  current 
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ni'fmn.'.l  t.\!c  I'f  1  K. mum.  .1  (^' I  ( i  \  tovt  i  ikcv  .iS 'ut  Munirx  T?)CtC'.l  *<'uUl  hasr  ti 

t'e  f\tci'vlc\l  rxicvvivcly  if  i!ic  ho.ii;i');  f.iir  \^.is  to  !■><■  cil  rt'»tuj;h  to  tnipro>f  Sj'Ci.ic^ 

rcv>Iij!u'n  aiitly  Srlci.iu'n  of  a  ihmurt  tlni, kt.cs^  iv  not  a  prsvtKal  \»>Uiin>n. 

MiKf  llic  i'a';'ovh  iNu  knr w  iv  .1  I  ,,ik  in >n  of  .t  .itv;  lev  oii:^  iwinj;  raic  ainl  i.  aniiot  be  u K\  icij 
til'iii.iiiK 

A  iitiiloim  ttiKW  il.'posn  I'f  a  vj-nios  f..is  a  viiit;If  iituijuc  cv .ifV'r.umn 

r.itc,  U'i"|H‘r,iiiiic  «.  Ii.it  .K  liM  1  slK'  wiinh  is  .«  luiKiion  of  iis  s.ij'oi  press  ire  atii)  molciul.if 
sscipbi  This ». h.ir.K ictistic  s.in  firipK'nils  ft'  iisi.if  to  fiiiprfj'rini  an  niiknossn  siv-vifs,  rvr 
csrn  to  uieiititv  a  spesics  vifuise  s.ipor  p'fssuic  .mil  iiii'lr  nl.ir  ucipht  ate  knossn 
1 1.  •  .V c  vrr .  scs  ei  .i'  0  s pci  niyMl.il  t .Ii.  Ii ''S  i.  ,in  re.!  i.  c  .'r  in.  f  t  .c  ilic  .ipp  itciil  cv  ,ipi ir  c i.  in  r  U' 
It  .1  p  i  \  Cl  li':”pi  1 ,1'  itr  I  !ns  !■  Is  l!,c  c!  icv ;  i  f  i!.'p'.  ■.  p  l‘  c  os  pi  >1  .I'll  'll  .  ';.u  .u  tc  i-.tn  lit  .1 
hip.'ior  or  li'ssc  • 'tnpoi.ii  irr.  m.ikinp  1(10  spCvios  .ippo.ir  to  ftc  loss  or  niurr  s.  l.itilo  .ok) 
jX'i  ii.ips  loritiisiiip  It  ss  iih  .I'lutlicr  spcs  los 

One  in.ijof  l.uior  s.uisinc  tcinpci.iiiirc  tfispl.u cmciit  is  the  tfcla>inj;  offoit  on 
fsaporaiion  I'f  tfic  ililliisum  of  the  more  sol..iilc  species  ihri'iijjh  tl'C  less  sol.itilr 
components  ..1  otiler  to  rc.ich  tlie  free  surf.ue  Another  f.icti'f  is  the  rciluclion  in  net 
evaporation  rate  th.it  cxcurs  if  the  clcposii  h.is  an  island  r.athcr  than  cctnlinumis  film 
stnii  lure  Temi  cratiifc  displ.ic  cnicnl  to  hiphcr  or  losscr  temperatures  can  also  os.c  nr  if  the 
sp.'cies  forms  an  areoirope  ss.ih  anoiher  ilcpoMted  species  Species  tli.it  foim  a/eotri>[>cs 
will  es.ipor.ite  from  the  QCSl  topoihcr  ami  scill  thus  appear  to  the  y<'M  to  be  a  single 
sjKcies.  Iivai'oiation  of  a  more  volatile  s(H'cics  can  also  increase  the  apparenf  cvajHtiaiion 
rate  of  a  less  s,il.iiilc  code|vtMiccl  sises  tes  by  simple  momentum  transfer  mec  hanisms 

Dries  lion  sensitivity  is  the  ability  to  detec  t  the  less  abitnd  ini  cctmponenis  in  || 
deposit  on  the  ^('M  It  dr|»ends  on  the  sign.il  to  noise  ratio  t»f  the  b.isic  D('M  frei|nfnc  y 
nKasurctnent  In  pencr.tl,  the  fretpiency  <»f  a  clean  QCM  is  icinperaiiirc  and  heat 
fins  depemlent.  and  the  major  sourc  es  of  nisise  during  QI  ^A  are  lemprr.iinre  and  heal 
fins  inihiccil  ch.inges  in  yCM  ftnuiency  The  presence  of  noise  means  that  a  larger 
dejvisii  mas ,  is  ici|'iircd  to  ilc  icc  1  spec  les  vc  nh  low  coik eniiaiions  It  m.\y  not  al w.ij s  f<r 
possifde  to  ot'l.iin  a  larger  de|visit  m.iss,  and  in  any  c  .ise,  l.irger  dcj>nsiis  ininslnes  spec  irs 
separation  and  icmperaliirc  displacement  prol'lrms  as  dfsvtihed  above  If  the 
lem|*er.ilnif  imhued  (^(’M  f(i  i|nenc  y  c  hange  ts  a  irpr.n.ihlc  fniu  l.onof  irinjHrainre.  its 
efli'cl  I  111  fir  miMiii.i/rd  by  me.iMiiing  it  .is  a  fiim  iion  of  iciiii  ei.ilnie  and  siibtraciii  g  it  from 
the  ii  ii.il  MIC. I -.11  It'd  (ir<|iic'u  y  c  h.mpe  h  n  (,M  ’\1  pins  ilcposii  I  Ir.il  fins  imlin  ed  f  rei|nciic  y 
noi'.e  IS  c  ansed  in  p.iil  by  niisirady  fl.iw  of  heat  to  the  iji  M  Irom  the  'rinpeiaiiiir  mhiji 
(oni'olirr.  'I his  soimr  of  nor.e  can  f*e  redined  t'v  using  <1  icni|if i.iinre  tamp  loniiollrr 
wfiich  pioviiles  a  smiMither  power  pti  file  hy,  f.ir  esamj'lr.  tis.ng  vnliage  modni.ii:  in 
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invic*.!  i'(  twx'ofi  ft'f  p»>\*rr  fcl.Mvtnyiit 
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due  to  detection  of  species  evaporating  from  the  QCM  end  cap  as  well  as  from  the  QCM 
crystal.  In  the  QCM  Research  Inc.  Mark  9  QCM  unit  used  in  these  tests  the  measuring 
crystal  views  the  effusion  cell  orifice  through  a  central  hole  in  a  cap  covering  the  end  of  the 
main  QCM  body.  The  QCM  body,  cap,  and  crystal  are  in  thermal  contact  and  at 
equilibrium  they  operate  at  essentially  the  same  temperature.  When  they  are  cold,  the 
impinging  outgassing  flux  will  condense  on  the  surface  of  the  cap  as  well  as  on  the  crystal. 
During  QTA,  the  cap  temperature  will  i.ncrease  in  unison  with  the  QCM  crystal,  and  if  the 
mass  spectrometer  views  the  QCM  end  can  as  well  as  the  crystal,  it  detects  the  flux 
evaporating  from  both  these  surfaces.  If  these  surfaces  were  at  exactly  the  same 
temperature  this  situation  would  be  beneficial,  because  it  would  provide  a  greater  mass 
spectrometer  signal  than  would  be  available  from  the  QCM  crystal  alone.  However, 
because  of  the  temperature  differentials  that  are  set  up  in  the  QCM  unit  during  transient 
heating,  the  end  cap  will  always  be  at  a  slightly  higher  temperature  than  the  crystal  during 
QTA.  A  given  species  will  therefore  evaporate  from  the  cap  at  an  earlier  time  than  frem  the 
crystal,  and  the  mass  spectrometer  will  detect  two  separate  evaporation  peaks  for  a  given 
species.  This  problem  was  eliminated  in  the  apparatus  used  for  test  development  by 
placing  an  apenured  baffle  between  the  effusion  cell  and  the  QCM.  The  baffle  reduced  the 
amount  of  deposition  on  surfaces  other  than  the  crystal  during  the  outgassing  test,  and  also 
served  to  reduce  the  view  factor  between  the  mass  spectrometer  ionizer  and  QCM  surfaces 
other  than  the  crystal  during  QTA. 

Since  completion  of  this  program,  QCM  Research  Inc.  has  introduced  the  Mark  16 
QCM  in  which  the  measuring  crystal  can  be  heated  without  heating  the  entire  QCM  body 
and  end  cap.  Nominally,  this  version  of  the  QCM  appears  to  be  well-suited  for  the 
QTA/MS  application,  and  such  a  unit  has  been  purchased. 

In  the  second  test,  the  response  of  the  mass  spectrometer  was  compared  with  the 
QCM  output  as  the  evaporation  rate  from  the  QCM  increased  during  QTGA.  We  found  that 
the  total  ion  count  indicated  by  the  mass  spectrometer  tracked  the  evaporation  rate  indicated 
by  the  QCM  in  a  satisfactorily  linear  and  repeatable  manner. 

Since  the  separation  capability  of  QTA  depends  strongly  on  the  particular  set  of 
outgassed  species  deposited  on  the  QCM,  it  was  decided  to  address  this  issue  as  part  of  the 
Phase  n  Extension  when  multispecies  deposits  from  actual  test  samples  would  be  available. 
Funding  limitations  also  contributed  to  this  decision.  No  examination  was  made  in  Phase 
II  of  the  enhancement  of  QTGA  that  would  be  provided  by  the  addition  of  mass 
specuometry.  Such  enhancement  was  not  critical  to  the  success  of  the  test  method  and 
could  also  be  evaluated  in  parallel  with  the  Phase  II  Extension  test  program. 
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2.2. 1.4  Gas  Chromatography/Mass  Spectrometry  (GC/MS) 

Since  mass  fragmentation  patterns  are  determined  for  each  evolved  species  as  part  of 
the  standard  GC7MS  test,  this  test  could,  in  principle,  provide  useful  backup  data  in  case 
these  patterns  could  not  be  obtained  from  QTA/MS.  The  outgassing  products  from 
polymers  frequently  include  a  number  of  homologues  which  have  fragntentation  patterns 
which  art  very  similar,  and  in  order  to  resolve-  homologues  with  different  molecular 
weights  the  individual  species  fragmentation  pattern  data  must  be  quantiutivcly  very 
self'Consistent.  However,  in  general,  different  mass  spectrometer  ionizers  produce 
slightly  different  fragmentation  patterns.  A  comparison  was  therefore  made  of  the  patterns 
produced  by  the  ionizers  used  in  the  GC/MS  and  outgassing  test  apparatus  mass 
spectrometers.  As  expected,  both  ionizers  produced  the  same  patterns  qualitatively,  and 
both  systems  identified  the  same  principal  mass  peaks.  However,  there  were  significant 
quantitative  differences  between  the  patterns,  and  we  concluded  that  it  would  not  be 
possible  to  use  fragmentation  pattern  data  determined  by  the  ex  situ  GC/MS  test  to 
deconvolute  the  peak  height  data  obtained  during  an  in  situ  isothermal  outgassing  tesL 

The  standard  Lockheed  GC/MS  test  uses  a  sample  temperature  of  250“C.  At  this 
temperature,  additional  volatile  species  not  present  in  the  vacuum  outgassing  test  may  be 
created  by  thermal  degradation.  Therefore,  it  seemed  appropriate  to  use  a  lower  GC/MS 
temperature  in  the  present  context.  On  the  other  hand,  the  presence  of  the  helium 
atmosphere  in  the  standard  GC/MS  test  will  suppress  outgassing  to  some  extent,  and  it 
might  be  necessary  to  use  a  higher  sample  temperature  in  GCVMS  than  would  be  used  in  the 
highest  vacuum  outgassing  test  temperature  of  12S*’C  to  evolve  the  same  species.  To 
investigate  this  issue  the  GC/MS  test  was  repeated  at  temperatures  of  125*’C,  ISO^C,  200"C, 
and  250^  to  determine  how  high  above  125*’C  the  GC/MS  test  tempemture  could  be  raised 
without  prxxlucing  thermal  degradation  products.  The  species  identified  at  each  temperature 
by  CC/MS  were  compared  with  those  found  in  a  125^  outgassing  test  As  a  ra  I’t  of  this 
comparison,  it  appeared  that  the  GC/MS  test  temperature  could  be  raised  to  200”C  without 
noticeable  production  of  thermal  degradation  products.  However,  it  was  recognized  that 
the  comparison  was  not  rigorous  and  that  the  ideal  compromise  temperature  would  be 
different  for  different  materials. 

2.2.2  Test  Procedure  Development 

Based  on  experience  obtained  while  developing  the  various  aspects  of  the  test  in 
Phase  II,  a  draft  procedure  for  implementing  the  test  method  was  developed.  The  draft 
procedure  covered  sample  preparation,  test  parameters,  sequence  of  events,  and  operation 
of  the  apparatus  and  was  presented  in  the  Phase  n  Task  Report  [6].  Since  the  test  method 
was  intended  to  support  organizations  throughout  the  indusTy,  a  workshop  was  held  at 
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Lockheed  in  November  1984  to  discuss  the  test  procedure  and  to  obtain  an  industry 
consensus  on  test  parameters.  The  draft  test  procedure,  including  test  parameters,  was 
largely  the  same  as  the  cunent  version  of  the  procedure  presented  in  Section  4. 
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Section  3 

TEST  APPARATUS 


This  section  describes  the  outgassing/deposition  kinetics  measurement  apparatus  and 
its  operadonal  characteristics.  The  apparatus  was  built  under  Lockheed  funding  before  the 
Phase  n  Extension.  Lockheed  funding  covered  apparatus  detailed  design,  hardware,  data 
aquisition  software,  and  functional  checkout,  as  well. as  modifications  made  to  the 
apparatus  during  the  course  of  the  Phase  11  Extension. 

The  apparatus  is  shown  in  Figs.  3.1.  3.2.  and  3.3.  Figure  3.1  is  a  general  view  of 
the  apparatus  test  hardware.  Figure  3.2  is  a  schematic  of  the  main  test  chamber.  Figure 

3.3  is  a  schematic  of  the  data  aquisiticn  system.  Sections  3.1  through  3.3  give  detailed 
descriptions  of  the  three  main  subsystems  of  the  apparatus  -  the  vacuum  system,  the 
outgassing/deposition  measurement  system,  and.  the  mass  spectrometer  system. 
Component  manufacturer  names  and  model  numbers  are  given  in  order  to  describe  the 
performance  capabilities  of  the  Lockheed  apparatus.  They  are  not  necessarily  the  only  or 
best  components  which  could  be  used  to  build  an  apparatus  capable  of  executing  the  test 
method. 

The  baseline  measurement  sensitivity  of  the  apparatus  was  evaluated  by  performing 
the  standard  test  procedure  of  Section  4  with  no  material  sample  in  the  effusion  cell. 
Section  3.4  presents  the  results  of  this  test 

3.4  VACUUM  SYSTEM 

The  principal  components  of  the  vacuum  system  are  the  main  vacuum  chamber,  the 
pumping  system,  the  interlock  chamber,  and  the  mass  spectrometer  insertion  mechanism. 
The  vacuum  system,  including  the  inain  and  interlock  chambers,  effusion  cell  and  mass 
spectrometer  insertion  mechanisms,  electropneumatic  valves,  liquid  nitrogen  reservoirs  and 
shrouds,  QCM  and  effusion  cell  shutters,  and  all  vacuum  feedthroughs  were  made  and 
assembled  by  R  J.  Munns  Mfg.,  Inc.  of  San  Leandro,  CA. 

3.1.1  Main  Vacuum  Chamber 

The  main  vacuum  chamber  is  a  stainless  steel  cylinder  20  inches  high  by  12  inches 
diameter,  oriented  with  its  axis  vertical.  It  has  attachment  flanges  around  its  diameter  for 
the  pumping  system  and  for  the  mass  spectrometer  insertion  mechanism.  The  vacuum 
interlock  chamber  attaches  to  the  bottom  end  fliuige.  The  QCM  assembly  mounting  flange 
is  attached  to  the  top  of  the  chamber. 

The  chamber  contains  two  concentric  liquid  nitrogemcooled  shrouds  to  prevent 
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contamination  from  sources  other  than  the  effusion  cell  from  reaching  the  QCMs  and  to 
reduce  the  heat  load  on  the  QCMs  by  radiation  from  the  environment.  A  liquid  nitrogen 
reservoir  in  the  upper  section  of  the  vacuum  chamber  cools  an  inner  shroud  that  surrounds 
the  central  volume  in  which  the  effusion  cell  and  QCMs  are  located.  A  second  liquid 
nitrogen  reservoir  located  in  the  lower  portion  of  the  vacuum  chamber  cools  an  outer  shmud 
that  surrounds  the  upper  reservoir  and  inner  shroud.  This  dual  shroud  systeiTt  was 
incorporated  in  the  chamber  design  to  ensure  a  stable  cold-wall  temperature  around  the 
central  region  at  all  times.  However,  operational  experience  showed  that  the  outer  shroud 
did  not  improve  the  chamber  background  pressure  or  shroud  temperature  stability  so  the 
chamber  is  operated  using  the  inner  shroud  alone.  Openings  arc  provided  in  the  shrouds  to 
improve  system  pumping  speed  and  to  pemiit  insenion  of  the  mass  spectrometer  analyzer 
into  the  evaporating  molecular  flux  fields  of  the  cf’usion  cell  and  QCMs. 

Liquid  nitrogen  is  supplied  to  the  shroud  reservoir  from  160  liter  dewars  pressurized 
to  20  psig.  Phe  liquid  nitrogen  level  in  the  upper  reservoir  is  maintained  using  a  Huntington 
Model  LNC-200  liquid  nitrogen  level  controller.  The  controller  utilizes  two  temperature 
probes  to  determine  the  low  and  high  levels  of  liquid  nitrogen  in  the  reservoir.  The  low 
level  probe  is  positioned  near  the  bottom  of  the  reservoir  to  sense  a  low  liquid  nitrogen  level 
condition  and  hence  open  the  liquid  nitrogen  fill  valve.  The  high  level  probe  is  placed  in  a 
tec  in  the  vent  line  from  the  reservoir  to  detect  a  high  level  liquid  nitrogen  condition  and 
hence  close  the  fill  valve.  The  high  level  temperature  probe  is  situated  in  a  tec  off-axis  from 
the  vent  line  to  avoid  false  triggering  due  to  cold  nitrogen  gas  venting  from  the  reservoir 
during  a  fill.  A  small  vent  is  required  downstream  from  the  temperature  probe  to  avoid  a 
vapor  lock  condition  in  the  tee.  A  vapor  lock  would  effectively  isolate  the  high-level  probe, 
and  would  result  in  an  endless  fill.  Both  probes  have  integral  heating  elements  to  avoid  false 
triggering  due  to  frost  buildup.  Approximately  10  minutes  arc  required  to  fill  the  7.5-litcr 
capacity  cold  shroud  reservoir.  Hie  filled  reservoir  provides  shroud  cooling  for  about  10 
hours. 

3.*  2  Interlock  Chamber 

An  interlock  chamber  is  provided  so  that  the  effusion  cell  containing  the  test  sample 
can  be  removed  from  and  replaced  in  the  apparatus  without  having  to  warm  up  and 
repressurize  the  main  chamber.  The  interlock  chamber  is  connected  to  the  main  chamber  via 
an  electropncumaiic  gale  valve.  It  carries  an  access  port  through  which  the  effusion  cell  can 
be  passed.  A  window  on  the  front  of  the  interlock  chamber  aids  in  placement  of  the  effusion 
cell  on  its  mount.  The  chamber  can  be  filled  with  a  clean,  dry  gas  via  a  reprcssurizaiion 
valve  or  purged  by  opening  a  second  valve.  T..c  interlock  chamber  also  contains  a  small 
liquid  nitrogen-cooled  annular  shroud  which  can  be  used  to  prccool  the  effusion  celt  for 
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special  test  rpplicadons. 

The  effusion  cell  is  mounted  on  the  end  of  a  vertical  rod  and  can  be  moved  between  the 
interlock  chamber  and  the  main  chamber  through  the  open  gate  vulve  by  moving  the  rod. 
The  mounting  rod  linear  motion  feedthrough  is  seated  with  a  bellows  rather  than  a  lubricated 
O-ring  to  minimize  contamination  and  to  ensure  ultrahigh  vacuum  con.1iiions.  The  isolation 
valve  separating  the  main  chamber  from  the  interlock  chamber  is  activated  by  a  double 
solenoid  so  that,  in  case  of  a  power  failure,  the  valve  position  will  remain  unchanged.  This 
Lnserdon  mechanism  was  simple,  relatively  inexpensive,  and  functioned  well  and  reliably. 

Because  the  mounting  rod  is  used  to  hold  the  effusion  cell  in  position  in  the  main 
chamber,  the  gate  valve  must  remain  open  during  tn  outgassing  test.  The  additional  surface 
area  and  volume  of  the  interlock  chamber  adds  a  pumpin,;  load  to  the  main  chamljcr 
pumping  system,  which  extends  the  time  required  for  the  system  to  equilibrate  aft.T  cell 
insertion  and  raises  the  ultimate  pressure  in  the  main  chamber.  If  an  insertion  mechanism 
were  used  which  would  permit  the  transfer  rod  to  be  detached  from  the  effusion  cell  after  the 
cell  had  been  positioned  in  the  main  chamber,  the  interlock  chamber  could  be  isolated  from 
the  main  chamber  and  a  lower  ultimate  pressure  could  be  reached  more  rapidly.  However, 
this  type  of  mechanism  would  be  much  more  complex  mechanically  and  hence  more  costly. 
Also,  it  would  be  difTicult  to  arrange  electrical  connections  to  the  cell,  and  adjustment  of  the 
position  of  the  cell  after  insertion  would  require  even  more  mechanical  complexify. 

3.1.3  Pumping  System 

The  apparatus  is  equipped  with  an  Alcatel  2020A  direct-drive  mechanical  pump,  an  Air 
Products  AP-8S  cryopump,  and  a  Balzers  TPU-050  lurbomolccular  pump.  The  8  l/i 
capacity  mechanical  pump  is  used  as  a  foicpump  I'or  the  lurbomolccular  pump.  Appropriate 
valving  allows  the  mechanical  pump  to  also  be  used  for  initial  evacuation  of  the  main 
chamber  and  regeneration  of  me  cryopump.  The  cryopump  has  a  1500 1/s  pumping  speed 
for  nitrogen  and  is  used  to  maintain  high-vacuum  in  the  main  chamber.  It  is  attached  to  the 
chamber  via  a  large  diameter  elbow  which  isolates  the  cryosorbing  b«jTles  from  heat  sources 
inside  the  chamber  (i.e.,  mass  spectrometer  ionizer  and  effusion  cell)  without  sacrificing 
much  pumping  speed  as  a  result  of  conductance  limitations.  The  lurbomolecular  pump  has  a 
pumping  speed  of  50  I/s  and  is  used  to  evacuate  the  interlock  chamber.  The  lurbomolecular 
pump  and  the  cryopump  can  be  isolated  from  their  respective  chambers  with 
eicctropneumatic  gate  valves.  The  gate  valves  on  the  h’gh  >  acuum  pumps  ahd  the  poppet 
valves  in  line  with  the  mechanical  pump  ore  norm.'illy  closed  to  isol.iic  Uic  pumps  in  case  of  a 
power  failure. 

System  pressures  are  monitored  by  a  Granville  Phillips  Scries  303  vacuum  process 
controller,  Tlic  controller  simultaneously  opt.atcs  two  nude  ionization  gauges  and  two 
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convectron  gauge  tubes.  The  ionization  gauges  monitor  pressures  in  the  range  from  5  x 
10***  to  I  X  10*^  ton,  while  the  convectron  gauges  ineasu’'c  pressure  from  I  x  10'^  ’on  to 
one  atmosphere.  One  of  the  ionization/convectron  gauge  pairs  monitors  the  main  chamber 
pressure  while  the  other  pair  monitors  the  interlock  chamlwr  pressure.  A  third  convectron 
gauge  tube  is  mounted  at  the  inlet  to  the  mechanical  pump  to  pcmiit  occasional  verification  of 
mechanical  pump  opcnition  or  monitoring  of  cr^oputnp  pressure  during  regeneration. 

Figure  3.4  shows  typical  curves  for  the  mam  and  interlock  chambers  before,  during, 
and  after  effusion  cell  insertion  using  the  interlock  chambci.  Before  insertion  the  interlock 
chamber  is  at  atmospheric  pressure  and  the  main  chamber  is  at  about  4  x  10'9  torr.  At  this 
time,  the  lurbonK>lccular  pump  is  at  operational  speed  and  is  pumping  on  its  gate  valve.  The 
insertion  process  starts  with  evacuation  of  the  intcrUKk  chamber.  To  reduce  the  risk  of 
pump  failure  when  the  gate  valve  is  opened  to  the  atmospheric  pressure  of  the  interlock 
chamber  llie  turbomolecular  pump  control  unit  is  switched  off  to  allow  partial  slow-dcwn  of 
the  rotors  before  starting  interlock  chamber  evacuation.  The  mechanical  pump  provides 
forelinc  pumping  to  the  turbomolecular  pump  at  all  times  during  the  insertion  process. 
Interlock  chamber  evacuation  starts  when  the  turbomolecular  pump  rotational  speed  has 
fallen  to  about  50  percent  of  its  operational  value,  which  occurs  about  10  minutes  after  the 
control  unit  is  switched  off.  At  this  time  the  gate  valve  between  the  interlock  chamber  and 
the  turhomolccular  pump  is  opened  and  the  turbomolecular  pump  control  unit  is  switched 
back  on  to  allow  full  spin  up  of  the  roton.  Immediately  following  the  opening  of  the  gate 
valve,  the  mechanical  pump  operates  in  the  viscous  flow  regime  by  pumping  through  the 
accelerating  turbomolecular  pump.  As  the  interlock  chamber  pressure  orops  below  1  x  10*5 
torr  the  frcc-moiccular  flow  regime  is  reached,  the  rotor  blades  reach  full  speed,  and  the 
turbomolecular  pump  begins  to  dominate  pumping. 

The  isolation  valve  between  the  main  chamber  and  the  interlock  chamber  is  normally 
opened  after  al«out  5  minutes  of  pumping,  at  which  lime  the  interlock  chamber  pressm  •  has 
fallen  to  about  4  x  10*3  ton.  The  timing  of  isolation  valve  opening  represents  a 
compromise,  and  can  be  th.angcd  to  suit  the  requirements  of  a  particular  tr  It  is  desirable 
to  reduce  the  interlock  chamber  pressure  as  much  as  possible  before  opening  the  isolation 
valve  to  minimize  the  ensuing  rise  in  main  chamber  pressure.  However,  we  also  need  to 
insert  the  effusion  cell  into  the  main  chamber  as  soon  as  possible  so  early  time  outgassing 
rale  data  can  be  obtained. 

When  the  isol.ition  valve  is  opened,  the  pressure  iit  the  main  chamber  rises  because  of 
the  introduction  of  gas  from  the  interior. k  chamber  and  then  slnvly  frils  as  the  combined 
system  is  evacuated  by  the  cryopiimp. 
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S.1.4  Mau  Sp«ctrt>in«tcr  Inicrtlon  Mechanism 

The  mau  spectrometer  head  is  mounted  on  a  bellowt-tcaled  linear  rootloo 
feedthrough  so  that  it  can  be  postioned  to  give  the  ionizer  a  better  vievr  of  either  the 
effusion  cell  oriricc  or  the  QCM  crystals  during  the  isothcm-Al  nutgassing  seat  cr  QTA/T. 
respectively.  The  flange  supporting  the  linear  iiiouDn  fccdUiruugh  carries  a  valved  inlet  line 
to  allow  a  calibration  gas  to  be  introduced  to  the  main  chamber  in  the  vicinity  of  the 
spectrometer  ionizer.  Pcrfluorotribuiylamine  (FFTBA)  is  uveJ  for  n  ass  Kale  calibration 
and  can  also  be  used  to  check  the  transmission  of  the  mass  spcct.ometcr. 

3.2  Olirr.ASSINfl/DF.POSITION  MF.ASURF.MENT  SYb  fEM 

The  outgassing/dcposition  measurement  subsystem  consists  cf  the  QCM*,  effusmn 
cell,  the  terr.pcfatuit  control  system,  and  the  data  acquisition  equipment  which  mooiton  or 
controls  the  other  devices. 

3.2.1  QCM  Assembly 

The  QCM  assembly  consists  of  four  QCMs.  each  with  its  own  mounting  strut  and 
shutter,  a  liquid  nitrogen  reservoir,  a  lower  shield  system,  and  a  chamber  mounting  flange. 
The  assembly  is  shown  in  Figs.  3-5  and  3-6.  Figure  3-5  is  a  genera*  view  of  the  entire 
asseirtly.  Figure  3-6  shows  the  QCMs  and  shutter  assembly  as  viewed  from  the  effusion 
cell  orifice. 

The  QCMs  a.e  QCM  Research  Inc.  Mark  9  units,  with  aluminum  cases,  a  77  K  to 
400  K  operating  range,  unpolished  crysult,  and  full  crysul  overcoats  of  AtyO).  Each 
QCM  contains  two  10-MHz  crystals,  oscillator  electronics,  and  two  platinum  resistance 
thennometers  (PRTs).  One  crystal  is  used  for  mass  collection  while  the  other  <i  used  for 
reference.  One  PRT  is  used  for  temperature  control  feedbai  k  while  the  second  is 
monitored  by  the  data  acquisition  system. 

Each  QCM  is  individually  suspended  from  the  liquid  nitrogen  reservoir  by  boiling  in 
back  side  to  a  plate  attached  to  the  bottom  end  of  a  vertical  strut.  The  top  end  of  the  strut  it 
attached  to  the  bottom  of  the  liquid  nitrogen  reservoir.  The  four  support  struts  are  arranged 
symmetrically  around  the  chamber  aais.  so  that  each  QCM  has  the  same  view  factor  to  the 
effusion  cell  orifice.  The  support  plates  are  angled  at  10*  to  the  support  to  that  the 
axes  of  the  QCMs  Intersect  the  chamber  axis  at  a  common  point  about  3.90  inches  below 
the  bottom  of  the  QCM  liquid  nitrogen  reservoir.  Tliis  po.nt  is  the  location  of  the  clfuston 
cell  OTifice  when  the  cell  is  placed  in  its  swnd.trd  position.  At  this  the  distance  from 
tbiC  effusion  cell  orifice  to  tlic  face  of  each  of  the  QCMs  is  6.00  inches. 

The  test  procedure  calls  for  triv  QCMs  to  be  m.iintaincd  at  90  K  or  less,  150  K,  220 
K.  and  298  K.  The  support  struts  and  plates  for  the  90  K  and  150  K  QCMs  arc  nude  from 
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copper,  while  those  for  the  220  K  and  298  K  QCMs  are  made  from  stainless  steel  to 
minimize  the  power  required  for  temperature  control 

The  temperature  requirement  for  the  lowest  temr'erature  QCM  should  be  as  cold  as 
possible.  With  good  heat-sinking,  this  QCM  could  be  maintained  within  a  degree  or  so  of 
the  77  K  reservoir  without  difficulty.  However,  in  this  case  a  very  large  amount  of  heat 
would  be  needed  to  heat  the  QCM  to  400  K  during  QTA.  The  magnitude  of  the  thermal 
conductance  of  the  cold  QCM  support  strut  is,  therefore,  a.compromise  between  the  desire 
for  the  lowest  temperature  possible  and  the  need  to  be  able  to  heat  to  400  K.  because  less 
than  perfect  heat-sinking  was  used  and  because  of  internal  heat  generation  by  the  QCM 
electronics,  the  lowest  attainable  QCM  temperature  is  about  88  K. 

Each  QCM  has  a  shutter  which  can  be  operated  from  outside  the  chamber.  The 
shutters  are  cooled  by  heat  sinking  their  guides  to  the  liquid  nitrogen  reservoir.  Each 
shutters  has  three  positions  •  fully  closed,  fully  opeo.  and  apertured.  In  the  apertured 
position,  the  QCM  views  its  surroundings  through  a  hole  in  the  shutter  which  has  the  same 
diameter  as  the  QCM  crystal.  The  apertured  shutter  minimizes  the  number  of  molecules 
reaching  the  mass  spectrometer  ionizer  from  sources  other  than  the  QCM  crystal  during 
QCM  heat  up,  which  improves  the  resolution  of  QTA/MS. 

The  QCM  assembly  is  provided  with  a  separate  liquid  nitrogen  tservoir  to  improve 
temperature  stability  by  tnaxinuzing  the  degree  of  isolation  fr’om  the  external  environment 
The  reservoir  is  vented  to  the  atmosphere  to  maintain  the  liquid  at  77  K.  The  liquid  nitrogen 
level  in  the  reservair  is  maintained  using  a  Huntington  Model  LNC-200  liquid  nitrogen  level 
controller.  This  unit  uses  two  temperature  probes  to  detertrJne  the  low  and  high  levels  of 
liquid  nitrogen  in  the  reservoir.  The  basic  operation  of  this  controller  was  described  in 
Section  3.1.1.  However,  because  of  the  temperature  sensitivity  of  the  QCMs,  the  liquid 
nitrogen  fill  technique  differs  slightly  from  the  shield  resovoir.  Liquid  nitrogen  is  normally 
supplied  in  storage  dewars  pressurized  to  20  psig,  at  which  pressure  the  equilibrium 
temperanire  is  about  85  K.  When  the  reservoir  is  filled  with  this  v/armer  liquid,  its 
temperature  rises  a  few  degrees  and  then  falls  to  its  one  atmosphere  equilibrium  value  of  77 
K  by  evaporation  to  the  environment  In  the  case  of  the  QCM  reservoir,  this  effect  produces 
a  temperature  transient  in  all  QCMs,  although  the  extent  of  the  mansient  on  the  higher 
temperature  QCMs  is  partially  alleviated  by  the  temperature  controllers.  Ttie  QCM 
temperaunr  transient  can  produce  temporary  frequency  variations  as  high  as  100  Hz.  These 
spikes  last  only  several  minutes  and  are  usually  easily  discemable  from  frequency  shifts 
caused  by  mass  accumulation  changes.  However,  the  noise  that  they  introduce  into  the  data 
is  significant  in  the  cases  of  extren*iely  small  deposition  rates.  The  liquid  nitrogen  fill  system 
was,  thercfcTC,  modifiol  to  eliminate  these  heat  sink  temperature  variations.  An  intermediate 
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reservoir  vented  to  the  atmosphere  was  inserted  in  the  inlet  line  to  the  QCM  liquid  nitrogen 
reservoir.  Liquid  nitrogen  at  20  psig  equilibrates  to  atmospheric  pressure  in  this 
intermediate  reservoir  before  filling  the  QCM  reservoir.  This  technique  essentially 
eliminated  temperanire  and  frequency  fluctuations  induced  by  liquid  nitrogen  fills. 

The  liquid  nitrogen  reservoir  is  suspended  from  a  chamber  mounting  flange  which  also 
carries  all  the'  electrical,  rotary,  and  liquid  nitrogen  feedthroughs  needed  to  service  the  QCMs 
and  the  reservoir.  The  entire  QCM  assembly  is  carried  by  this  flange  and  can  be  mounted  to 
or  removed  from  the  chamber  as  a  unit. 

A  two  part  lower  shroud  system  is  used  to  further  thermally  isolate  each  QCM.  One  of 
the  lower  shrouds  consists  of  two  intersecting  perpendicular  copper  plates  attached  to  the 
under  side  of  the  liquid  niuogen  reservoir.  The  plates  extend  vertically  downwards  beM'een 
each  adjacent  pair  of  QCMs  in  such  a  manner  that  the  QCMs  view  these  cooled  plates  and 
not  each  other.  This  eliminates  thermal  cross  talk  between  the  QCMs.  The  second  shroud  is 
a  copper  cylinder  which  completely  surrounds  the  QCMs.  and  is  suspended  from  the  bottom 
of  the  liquid  nitrogen  reservoir.  This  shroud  eliminates  heat  transfer  to  the  QCMs  from  all 
peripheral  sources,  such  as  ion  gauges  and  the  mass  spectrometer  ionizer.  Apertures  are  cut 
in  the  bottom  end  plate  of  the  shroud  so  that  the  QCMs  can  view  the  effusion  cell  oriflee. 
Instrumentation  cables  to  the  QCMs  are  heat  sunk  to  the  liquid  nitrogen  reservoir  to  eliminate 
the  heat  leak  down  the  cables  from  the  room  temperature  feedthroughs. 

A  60-ohm  evarohm  wire  resistance  heater  is  wrapped  around  the  case  of  each  QCM. 
These  heaters  allow  the  QCMs  to  be  temperature  controlled  above  their  liquid  nitrogen  heat 
sink  temperature.  The  Mark  9  QCM  sensor  head  used  in  the  apparatus  is  constructed  so  that 
all  components  in  the  head  are  in  good  thermal  contact,  so  the  entire  sensor  head  has  to  be 
healed  to  raise  the  crystal  temperature.  This  means  that  more  electrical  power  must  be 
provided  to  the  heater  than  would  be  needed  if  only  the  crystal  was  being  heated,  which,  in 
turn,  creates  a  greater  temperature  disturbance  to  the  apparatus  during  QCM  heating  and  also 
necessitates  more  frequent  replenishment  of  the  liquid  nitrogen  reservoir.  Also,  other 
surfaces  of  the  QCM  besides  the  measuring  crystal  may  have  collected  some  contaminant 
deposit  so  the  mass  spectrometer  may  detect  species  evaporating  from  sources  other  than  the 
crystal  during  QTA/MS.  The  most  complete  solution  to  this  problem  is  to  construct  the 
QCM  so  that  the  QCM  crystal  can  be  heated  while  the  case  is  kept  at  the  heat  sink 
temperature.  This  type  of  construction  has  been  incorporated  into  the  Mark  16  QCM 
manufactured  by  QCM  Research  Inc.  and  has  become  available  since  the  apparatus  v/as 
built.  A  Mark  16  QCM  has  thus  been  purchased  for  the  apparams. 

3.2.2  Effusion  Cell 

The  cylindrical  effusion  cell  is  approximately  2.5  inches  in  diameter  by  2  inches  high. 


and  is  machined  ft’om  aluminum  for  high  thermal  conductivity.  It  has  a  detachable 
0. 125-inch-thick  cover  plate  which  carries  a  central  0. 12S-inch-diaineter  orifice.  The  ctU  is 
mounted  on  a  plate  attached  to  the  top  of  the  interlock  inserdor  rod  with  its  axis  coincident 
with  the  chamber  axis  and  with  its  cover  plate  facing  upwards.  The  cell  can  be  positioned  so 
that  the  orifice  is  in  the  range  of  4  to  1 1  inches  from  the  QCMs.  The  insertion  mechanism  is 
indexed  so  that  the  cell  can  be  conveniently  placed  at  the  standard  distance  of  6.00  inches. 

The  cell  can  be  heated  electrically  by  a  410-ohm  evanolim  wire  resistance  heater 
wrapped  around  the  diameter  of  the  cell.  Two  PRTs  are  attached  to  the  cell  for  temperature 
control  feedback  and  for  temperature  monitoring/data  acquisition,  respectively.  Heater  and 
PRT  connections  are  made  first  via  a  feedthrough  in  the  wall  of  the  interlock  chamber,  and 
then  by  passing  leads  through  the  '  tnter  of  the  tubular  mounting  rod  up  to  female  plug 
terminals  integral  with  the  mounting  plate.  Service  eonnections  between  the  effusion  cell 
and  the  mounting  plate  terminals  are  made  using  male  plug  terminals  in  the  base  of  the  cell. 
An  externally-operated  shutter  permits  the  effusion  cell-to-QCM  line  of  sight  to  be 
interrupted. 

Prior  to  insertion  into  the  main  chamber,  the  effusion  cell  is  normally  held  in  the 
interlock  chamber  at  ambient  temperature,  although  a  capability  exists  to  heat  or  cool  it  in 
this  location  if  so  desired.  After  the  cell  has  been  inserted  into  the  main  chamber  and  placed 
in  the  selected  position  relative  to  the  QCMs,  it  is  heated  as  quickly  as  possible  to  the  test 
temperature.  Using  a  1 15-Vac  power  supply  and  the  410-ohm  heater,  the  times  required  for 
the  cell  to  reach  73'’C  and  125^C  are  10  minutes  and  20  minutes,  respectively. 

If  no  power  is  provided  to  the  effusio.i  cell  after  insertion  into  the  main  chamber,  it 
will  cool  to  about  -40*’C  in  1  hour  by  radiative  heat  transfer  with  the  cold  walls. 

3.2.3  Temperature  Control  System 

The  temperatures  of  the  effusion  cell  and  the  four  QCMs  are  controlled  by  balancing 
electric  resistance  heating  input  against  heat  loss  by  conduction  and  radiation  to  the  liquid 
nitrogen  temperature  reservoirs  and  surroundings.  Temperature  conaol  and  heater  power 
are  provided  by  programmable  temperature  controllers.  A  Doric  DC7032C  single-loop 
temperature  controller  is  wSed  for  die  effusion  cell,  while  four  Doric  DC7102C  ramp/soak 
temperature  controUcis  are  used  for  the  QCMs.  In  addition  to  maintaining  temperatures  at 
selected  specific  values,  the  Doric  DC7102C  controllers  can  perform  ramp  functions  in 
which  QCM  temperatures  can  be  increased  at  a  constant  rate  for  the  QTA  test:  Temperature 
feedback  to  the  controllers  is  provided  by  one  of  the  two  PRTs  inside  the  QCIds  and  on  the 
effusion  cell. 

The  Doric  controllers  arc  time-proportioning  dc/iccs  that  output  a  logic  voltage  to 
external  relays.  These  relays  act  as  cpen/closcd  gates  for  constant  voltage  heater  power 
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supplies.  The  total  power  delivered  to  a  heater  is  determined  by  the  power  supply  volta 
and  the  duty  cycle  of  its  associated  relay.  The  relays  are  solid-state  and  are  available  ir. 
configurations  capable  of  switching  either  ac  or  dc  voltage  sources.  At  the  present  time, 
Gordos  Arkansas  OAC24  solid-state  relays  are  used  to  switch  ac  power  sources.  The 
1  IS-Vac  house  lines  were  used  as  the  power  supplies.  The  relays  can  handle  3  A  at  US 
Vac,  and  can  be  quickly  and  independently  replaced  by  other  modules  if  dc  voltage  is 
preferred  for  the  heater  power  supplies. 

Temperature  control  systems  using  time-proportioning  controllers  combined  with  a 
1 15  Vac  power  supply  were  selected  because  of  their  low  cost  and  their  successful  use  by 
Lockheed  in  the  past.  Time  proportioning  devices  control  temperature  by  providing  energy 
pulses  rather  than  continuous  power  to  the  object  being  heated.  Since  the  frequency  of  a 
QCM  is  very  scnsiti\e  to  heat  flux  variations,  the  pulse  mode  of  control  has  the  potential  for 
introducing  noise  into  the  frequency  data.  In  the  previous  applications  of  this  type  of 
controller,  the  QCMs  were  mounted  in  bulky  aluminum  holders,  and  the  heater  wire  was 
wound  on  the  outside  of  the  holders.  The  thermal  mass  of  the  holders  and  the  thermal 
resistance  of  the  path  between  heater,  holder,  and  QCM  crystal  were  apparently  large 
enough  to  smooth  out  the  power  pulses  because  no  controUer-indured  QC'M  frequency  noise 
was  encountered.  In  the  present  application  no  holder  is  used  and  the  heater  wire  is  wound 
directly  on  the  QCM  case,  which  reduces  both  the  thermal  mass  and  the  thennal  resistance 
between  heater  and  crystal.  As  a  result,  the  QCM  crystal  temperature  responds  more 
strongly  to  the  power  pulses,  and  the  frequency  data  were  very  noisy.  The  noise  was 
reduced  somewhat  by  placing  ballast  resistors  of  SO  to  100  ohms  in  series  with  the  QCM 
beaten,  external  to  the  vacuum  chamber.  These  resistors  serve  as  voltage  dividers,  which 
reduced  the  maximum  voltage  available  to  heat  each  QCM,  end  caused  the 
time-proportioning  controllers  to  supply  pulses  with  lower  average  power  for  longer  pulse 
durations.  This  modification  smoothed  out  the  power  pulses  considerably,  but  did  not 
completely  eliminate  frequency  noise. 

Since  the  conclusion  of  this  program,  some  tests  have  been  performed  using 
temperature  control  by  dc  voltage  modulation  and  frequency  stabilities  of  ±0.1  Hz  have  been 
achieved.  The  Doric  controllers  are  new  being  modified  to  this  temperature  control 
configuration  by  installing  internal  interface  cards  which  provide  continuously  variable 
control  signal  outputs  and  interfacing  them  with  conuollable  dc  power  supplies. 

3.2.4  Data  Acquisition  System 

Data  from  the  QCMs  and  the  effusion  cell  are  acquired,  stored,  and  manipulated  by  a 
Hewlett  Packard  system  consisting  of  a  Model  3 10  computer  with  a  monochrome  monitor,  a 
Hewlett  Packard  9'22D  3.S-inch  dual  disc  drive,  a  Hewlett  Packard  2934A  impact  printer, 


and  a  Hewlett  Packard  7SS0A  plotter. 

The  computer  aquires  data  from  the  apparatus  via  a  Hewlett  Packard  3488A 
switch-control  unit  that  enables  the  several  platinum  resisunce  thermometers  and  QCM 
frequency  measurements  to  be  alternately  read  by  a  Hewlett  Packard  3478A  muldmeter  and  a 
Hewlett  Packard  S484A  frequency  counter,  respectively.  The  multimeter  can  perform 
two-wire  or  four-wire  resistance  measurements  and  the  counter  can  measure  either  the 
frequency  or  the  period  of  the  QCM  output.  Before  frequency  measurements  are  obtained, 
the  signal  from  the  QCM  is  processed  by  a  filter/waveform  conditioning  circuit  which 
produces  a  Inw-noise,  consistent  waveform  shape  of  known  amplitude.  This  reduces  noise 
in  the  freo.uency  data. 

The  four-wire  resistance  measurements  are  obtained  using  a  1-mA  current  and  have  a 
10-mohm  resolution  with  a  read  time  of  0.05  second,  which  is  more  than  adequate  for 
resolving  0.1 ‘*C  temperature  changes.  The  desiied  frequency  resolution  of  0. 1  Hz  from  the 
counter  requires  a  gate  time  of  1 .0  second.  The  time  required  to  measure  the  four  QCM 
frequencies,  the  four  QCM  temperatures,  and  the  effusion  celi  temperature  plus  the  overhead 
required  by  the  computer  is  about  3.5  seconds. 

The  data  from  the  QCMs  and  the  effusion  cell  are  acquired/stored  and 
retrieved/processed  using  two  separate  computer  programs.  The  basic  software  was 
developed  for  a  two-QCM  system  by  Lockheed  undw*  a  prior  IRAD  project  and  was 
modified  for  four  QCNfs  on  Lockheed  capital  funds.  The  use  of  two  separate  programs 
means  that  either  a  second  computer  is  needed  to  reduce  the  data  or  that  testing  has  to  be 
discontinued  during  data  reduction.  Consolidation  of  the  two  programs  to  provide  real  time 
output  of  processed  data  is  feasible,  but  could  not  be  performed  during  the  program  because 
of  funding  limitadons. 

33  MASS  SPECTROMETER  SYSTEM 

The  mass  spectrometer  system  consists  of  the  mass  spectrometer  analyzer  head,  an 
external  electronics  unit  for  supporting  the  analyzer,  and  a  computer  system  to  control  the 
electronics  unit  and  to  acquire,  store,  and  manipulate  the  data. 

3.3.1  Mass  Spectrometer  Analyzer 

The  mass  spectrometer  analyzer  was  a  Balzers  Model  QMG  511,  consisting  of  an 
electrori  impact  ionizer,  a  quadrupole  mass  filter,  and  a  secondary  electron  multiplier  (SEM). 
The  electron  impact  ionizer  permits  detection  of  the  neutral  species  characteristic  of  an 
outgassing  flux.  An  ionizer  configuration  utilizing  a  grid  ion  source  was  selected  because  of 
its  oper.  siructurc,  which  allows  greater  sensitivity  to  the  outgassing  flux.  The  quadrupole 
mass  filter  was  selected  because  it  provides  adequate  resolution  and  transmission  of  species 
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over  a  wide  mass  range  at  relatively  low  expense.  The  filter  consists  of  four  molybdenum 
rods  200  mm  long  by  8  mm  in  diameter.  The  SEM  is  a  CuBe  discrete  dynode  type  which 
provides  signal  gains  of  up  to  10^  for  increased  sensitivity.  The  analyzer  has  a  sensitivity  of 
1  X  10*^  A/torr  for  argon  and  a  detection  limit  of  1  x  10*1^  torr. 

3.3.2  Mass  Spectrometer  Electronics 

The  mass  spectrometer  electronics  unit  supplied  with  the  Balzers  Model  QMG  511 
analyzer  is  used  for  normal  operational  adjustments  to  the  mass  spectrometer  ionizer, 
quadrupole  filter,  and  electron  multiplier.  Internal  power  supplies  allow  adjustment  of 
electron  energy  and  emission  in  the  ionizer  and  election  multiplier  gain.  The  quadrupole 
filter  can  be  tuned  to  allow  only  a  single  mass  to  be  transmitted  or  to  sweep  over  a  selected 
mass  range.  The  specific  Balzers  mass  spectrometer  chosen  for  the  test  apparatus  has  a 
mass  range  of  m/e=2  to  1023.  unity  resolution,  scan  times  down  to  1  ms/amu  and  computer 
compatibility.  The  expression  m/e  refers  to  the  mass-to-charge  ratio  of  the  »on  being 
detected.  The  mass  is  usually  expressed  in  atomic  mass  units  (amu)  and  for  this  mass 
spectrometer  configuration  the  charge  is  a  positive  integer.  For  singly-ionized  (e  «  1)  argon 
(mass  =  40  amu)  the  detected  ion  would  appear  at  m/e  =  40.  For  doubly-ionized  argon,  the 
ion  would  appear  at  m/c  ^  40/2  «  20.  The  level  of  ionization  is  a  function  of  the  species 
being  detected  and  the  ionizer  parameters.  With  the  exception  of  the  following  apparatus 
specifications,  this  report  adopts  the  more  rigorous  convention  of  referring  to  detected  ions 
by  their  m/e  location.  Where  the  term  amu  is  used,  it  is  assumed  that  the  detected  ion  is 

singly  ionized  (e  =  1), 

For  the  materials  test  program,  a  mass  range  of  m/e»10  to  500  was  judged  to  be 
sufficient  for  characterizing  outgassed  species.  A  0.3-8mu  window  was  sampled  aiourtd 
each  nominal  mass  to  determine  the  ion  intensity  at  that  integer  mass  value.  This  helped 
correct  for  small  errors  in  calibration  and  the  possibility  of  ions  with  large  mass  defects.  A 
0.3-amu  sweep  width  allowed  4  rampling  points  per  integer  amu.  An  integration  time  of  3 
milliseconds  per  sampling  point  was  used  to  determine  the  ion  intensity,  and  each  point  was 
integrated  twice.  The.se  values  were  determined  by  experience  with  the  mass  spectrometer  in 
this  application.  These  parameters,  together  with  a  small  amount  cf  overhead  time  in  the 
controller,  resulted  in  a  scan  time  of  13.75  seconds  for  the  m/eslO  to  .500  scan. 

3.3.3  Data  Acquisition  System 

Automatic  acquisition  of  mass  spectra  and  control  of  the  Balzers  t.nass  spectrometer  is 
performed  with  an  IBM  AT  personal  computer,  using  a  computer  intc.'face  and  software 
package  called  Microtracc,  produced  by  Teknivent  Corporation.  Additional  peripheral 
equipment  supporting  the  IBM  AT  are  512-Kbytc  RAM,  a  1.2-Mbyte  floppy  disk,  and  a 
30-Mbytc  Winchester  hard  disk.  Because  of  the  large  amount  of  data  bei.ng  collected,  a 
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60-Mbyte  Sysgen  magnetic  tape  unit  is  also  included  in  the  computer  system  to  permit 
occasional  down-loading  of  the  hard  disk  to  a  separate  storage  library.  Hard  copy  printouts 
or  plots  can  be  obtained  from  either  a  Hewlett  Packard  LaserJet  Series  II  printer  or  a  Hewlett 
Packard  7550A  plotter. 

The  Teknivent  interface  and  computer  software  can  control  and  monitor  all  mass 
spectrometer  operating  parameters.  It  allows  simultaneous  acquisition  and  processing  of  the 
dau  run  being  acquired  or  the  processing  of  previously  acquired  data.  The  Wiley/NBS 
standard  mass  spectra  library  containing  over  70,000  compounds  has  also  been  purchased 
from  Teknive.it  by  Lockheed  and  can  be  accessed  by  the  computer  for  mass  spectra 
searching  and  ma'ching. 

3.4  APPARATUS  BASELINE  PERFORMANCE 

In  order  to  determine  the  magnitude  of  (he  apparatus  background  contamination  levels 
and  (he  baseline  apparatus  performance,  the  isothermal  outgassing  and  QTA  test  procedures 
of  Section  4  were  performed  without  a  material  .sample  in  the  effusion  cell. 

3.4.1  Empty  Cell  Isothermal  Outgassing  Test 

The  two  possible  sources  of  background  contamination  during  the  isothermal 
outgassing  test  are  the  chamber  itself  and  the  effusion  cell.  The  chamber  has  a  very  clean 
design  and  the  QCMs  are  almost  totally  surrounded  by  liquid  nitrogen-cooled  cold  walls,  so 
the  contribudon  of  the  chamber  was  very  small.  The  QCM  frequencies  were  monitored  for 
several  days  with  the  effusion  cell  removed  from  the  chamber  and  the  isoladon  valve  closed. 
The  QCM  frequencies  increased  less  than  I  Hz/day,  which  confirmed  the  low  chamber 
background. 

During  an  isothermal  outgassing  test,  the  QCMs  will  detect  species  outgassed  by  the 
effusion  cell  as  well  as  by  the  sample.  Although  the  cell  is  cleaned  thoroughly  between 
tests,  it  will  inevitably  regain  moisture  firom  the  laboratory  atmosphere  when  it  is  removed 
from  the  apparatus  for  exchange  of  samples.  The  magnitude  of  effusion  cell  outgassing  was 
determined  by  performing  the  full  test  procedure  with  no  sample  in  the  cell.  The  test  was 
run  at  125°C  since  the  effusion  cell  outgassing  rai  vill  be  highest  for -this  temperature. 
During  this  test,  the  90  K  QCM  indicated  a  60  Hz  crease  in  frequency  after  24  hours, 
while  the  three  higher  temperature  QCMs  experienced  no  appreciable  iricrcase  in  frequency. 
The  lack  of  accumulation  on  the  higher  temperature  QCMs  indicated  that  the  outgassing 
products  from  the  cell  were  water  vapor  and/or  high  volatility  solvents.  The  60-Hz 
frequency  increase  corresponds  to  a  24-hour  total  mass  loss  of  less  than  0.0001  g.  For  a 
typical  sample  with  a  mass  of  1  g  and  an  exposed  area  of  S  cm^,  this  mass  loss  is  equivalent 
to  .a  24-hour  percentage  mass  loss  of  less  than  0.01  percent  and  an  average  outgassing  rate 
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during  the  first  24  hrs  of  less  than  2  x  10*10  g/cm^  s.  These  values  are  negligibly  small  in 
comparison  to  typical  outgass'mg  data.  We.  therefore,  concluded  that  the  effect  of  effusion 
cell  outgassing  on  the  dau  could  be  neglected,  and  it  was  not  necessary  to  perform  blank 
tests  before  each  material  isothermal  outgassing  test. 

3.4.2  Empty  Cell  QTA  Test 

A  standard  QTA  test  was  performed  on  the  90  K  QCM  following  the  empty  cell 
isothermal  test  of  Section  3.4.1.  Daring  QTA,  the  QCM  frequency  decreased  150  Hz  in  the 
temperature  range  from  90  K  to  150  K  and  decreased  another  150  Hz  between  300  K  and 
400  K.  Evaporation  of  the  collected  water  accounts  for  60  Hz  of  the  first  frequency  shifl. 
while  die  remaining  90-Hz  shift  in  the  low  temperaure  region  and  the  entire  ISO-Hz  shift  in 
the  high  temperature  region  are  due  to  the  variation  of  QCM  frequency  with  temperature. 
These  frequency  shifts  correspond  to  an  average  thermally-induced  rate  of  frequency  change 
of  less  than  1  HzMin.  In  fact,  the  rae  of  change  of  QCM  frequency  it  not  constant  and  can 
have  values  several  times  higher  than  I  Hz/min  over  short  temperature  ranges.  Because  of 
these  thermal  effects  on  QCM  frequency,  QTA  cannot  detect  deposit  evaporation-induced 
frequency  changes  less  than  about  10  Hz/min,  which  corresponds  to  an  evaporation  rate  of 
about  10'9  g/cm2 1. 

The  QCM  frequency  data  also  shew  fast  fluctuations  as  high  at  50  Hz/min  wtdeh  arc 
induced  by  high  frequency  changes  in  the  heat  flux  through  the  QCM  crystal  produced  by 
the  on/off  method  of  power  modulation  used  by  the  temperature  ramp  controllert.  This 
phenomena  and  a  method  to  eliminate  it  were  discussed  in  Section  3.2.3. 
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Section  4 

TEST  PROCEDURE 


This  section  describes  the  standar a  test  procedure.  The  procedure  specifics  the  way 
in  which  sample  preparation,  data  measurement,  and  data  reduction  are  performed.  The 
combination  of  this  procedure  and  th'*  apparatus  described  in  Section  3  defines  tliC  r tandard 
test  method  developed  on  this  program. 

4.1  MATERIAL  TEST  SAMPLE  PREPARATION 

This  section  describes  how  the  material  test  sample  should  be  prepared  and 
documented. 

4.1.1  Test  Sample  Oesciiption 

The  test  sample  should  be  described  as  completely  as  possible.  For  standard 
aerospace  materials,  full  manufacturing,  procurement,  and  acceptance  documentation  is 
normally  available  and  should  be  provided.  For  developmental  materials,  enough 
information  should  be  given  to  clearly  identify  its  origins.  This  information  should 
include,  for  example,  the  chemical  nature  of  the  nuterial,  how  the  sample  was  prepared  and 
wh6  prepared  it,  the  name  of  the  program,  organization,  and/or  personnel  from  which  the 
material  was  obtained  or  which/who  is  responsible  for  developing  it 

4.1.2  Teat  Sample  Geometry 

Because  outgassing  kinetics  depend  upon  the  thickness  of  the  material  and/or  the 
surface  area  exposed  to  vacuum,  the  geometry  of  a  test  sample  must  be  appropriately 
constrained.  Where  possible  the  test  sample  should  have  the  same  geometry  as  the  material 
has  in  an  actual  application.  For  materials  which  are  used  in  mote  than  one  geometry,  the 
test  sample  geometry  should  be  selected  such  that  the  outgassing  rate  for  other  material 
geometric:  can  be  Inferred  from  the  outgassing  rale  data  measured  for  the  test  sample.  The 
test  sample  geometry  that  satisfies  this  requirement  will  depend  on  the  physical  processes 
involved  in  outgassing  for  the  specific  test  material. 

Outgassing  from  materials  such  as  adhesives  and  potting  compounds  is  diffusion- 
controlled,  so  the  ouigas'ing  rate  depends  on  the  distance  between  the  interior  of  the 
sample  and  a  free  surface.  For  these  materials,  it  is  possible  in  principle  to  predict  the 
outgassing  rate  for  any  arbitrary  material  geomeiiy  by  inserting  the  appropriate  dimensions 
into  the  diffusion  equations  if  the  diffusion  coefficients  of  the  ouigasscd  species  are 
known.  It  is  possible  to  infer  these  diffusion  coefficients  from  isothermal  outgassing  rate 
dau  for  samples  whose  geometry  is  such  that  internal  diffusive  flow  is  ot  -dimension:  1 
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[7],  For  mAterials  for  which  outgassing  is  diffusion  controllcd.  the  test  staples  should, 
therefore,  be  prepared  in  a  geometry  which  results  in  one-dimensional  inter.ial  diffusion. 
However,  determination  of  diffusion  coefncienis  from  outgassing  dau  is  technically 
difliculi,  particularly  if  there  are  many  outgassed  species,  so  this  determinatioa  is  not  par 
of  the  standard  test  procedure  and  is  left  to  the  user  of  the  dau. 

Outgassing  from  greases  and  lubricants  is  the  result  of  evaporation  which  it  a  surface 
phenomenon.  The  outgassing  rate  depends  only  on  the  surface  area  and  is  independent  of 
the  geometry  or  the  mass  of  the  sample.  Gieases  and  lubricants  should  therefoiv  be  placed 
in  holders  which  maintain  a  constant  exposed  surface  area  as  the  sample  is  depleted. 

With  the  above  considerations  in  mind,  samples  from  different  material  classes 
should  be  prepared  as  follows.  The  material  classes  identified  are  those  used  by  NASA 
Goddard  Space  Flight  Center  for  reporting  ASTM  E  S95  dau  [8]. 

Adhesives:  These  materials  should  be  prepared  in  a  holder  which  causes  the  internal 
diffusion  flow  to  the  free  surface  to  be  one-dimensional. 

Cable  Insulation  and  Sh'‘lnk  Tubing:  These  materials  should  be  tested  in 
as-supplied  geometry. 

Conformal  Coalings:  These  materials  should  be  applied  to  a  nonoutgassing  substrate 
large  enough  to  provide  a  represenudve  coating  sample.  The  substrate  should  then  be  cut 
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into  sections  small  enough  to  fit  into  the  effusion  cell. 

Electrical  Components:  These  materials  should  be  tested  in  as-supplied  form. 
Electrics!  Shields:  These  materials  should  be  tested  in  as-supplied  geometry. 

Film  and  Sheet  Material:  These  materials  should  be  tested  in  as-supplied  georiKtiy. 
Foams:  Where  applicable  these  materials  should  be  tested  in  as-supplied  thicknesses. 
Sample  dimensions  should  be  selected  so  as  to  minimize  edge  effecu. 

Grease  and  Lubricants:  These  materials  should  be  placed  in  dish-type  holders.  The 
bolden  should  be  shaped  so  that  the  exposed  surface  area  re.nains  constant  u  the  sample 
mass  is  depleted. 

Lacing  Tape  and  Cord  Tie  Cables:  These  materials  should  be  tested  in  as-supplied 
geometry. 

Laminates  and  Circuit  Boards:  Tkicse  materials  should  be  tested  in  ai-supplied 
geometry. 

Marking  Materials  and  Ink:  These  materials  should  be  applied  to  ndnoutgassing 
su«.<'rate  such  as  aluminum  foil. 

Molding  Compounds:  These  materials  should  be  tested  in  the  molded  form. 

Paints,  Lacquers  and  Varnishes:  These  materials  should  be  applied  to  a 
nonoutgassing  substrate  large  enough  to  provide  a  representative  coating  sample.  The 
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substrate  should  then  be  cut  into  sections  small  enough  to  fit  into  the  effusion  cell. 

Potting  Compounds:  These  materials  should  be  prepared  in  a  holder  which  causes  the 
internal  diffusion  flow  the  free  surface  to  be  one-dimensional. 

Rubbers  and  Elastomers:  These  materials  should  be  tested  either  in  i.s-tupplied 
geometry  or  in  a  ty  pical  application  geonKtry,  depending  on  whether  the  panicular  material 
is  prefomted  or  is  cured  after  application. 

Tapes:  These  materials  should  be  applied  to  a  r.onoutga.ssing  substrate.  Tape  samples 
should  be  long  enough  for  outgassing  from  the  ends  to  be  negligible  compared  to 
outgassing  perpendicular  to  tlic  length. 

Thermal  (ireases:  These  materials  should  be  placed  in  flat  dish-type  holders.  The 
holders  should  be  shaped  so  that  the  c.xposed  sur<‘acc  area  remain*  constant  as  die  sample 
mass  is  depleted. 

4.1.3  Test  Sample  Mass  and  Si/e 

The  test  sam]ile  mass  should  he  large  enough  to  provide  a  measurable  accumulation 
of  ouigasscd  products  on  the  QCM,  but  should  not  be  so  large  that  the  QCM  becomes 
overloaded  before  the  end  of  a  test.  Experience  with  both  high  and  low-ouigassing 
materials  has  shown  that  these  conditions  can  usually  be  met  if  the  sample  weight  is 
between  1  and  10  g.  The  test  umple  weight  should  be  determined  before  a  test  using  a 
laboratory  balance  having  a  readability  of  10  pg  or  less. 

For  (he  present  apparatus,  the  sample  dimensions  should  be  selected  such  that  it  fits 
into  the  2.5>inch*diamcter  by  2-inch-high  effusion  cell.  The  sample  dimensions  and 
surface  area  should  be  rixasured  to  an  accuracy  of  2  percent 

4.1.4  Test  Sample  Handling  and  Storage 

Samples  should  be  handled  only  with  gloves  or  clean  instruments  prior  to  testing  and 
should  be  stored  in  a  clean  area  in  covered  glass  dishes.  Nomina!  preparation  and  storage 
conditions  should  be  23®C  ±2®C  and  40-60  percent  relative  humidity. 

4.1.5  Effusion  Cell  Preparation 

The  effusion  cell  must  be  solvent  cleaned  and  vacuum  baked  before  insrnion  of  a 
new  sample.  An  initial  solvent  cleaning  using  toluene,  freon,  methyl  ethyl  ketone  or 
acetone  should  be  used  to  renwve  any  residual  sample  contamination  from  the  cell.  The 
effusion  cell  should  then  be  subjected  to  a  second  solvent  cleaning  with  acetone. 

Following  cleaning,  the  cell  should  be  heated  to  125''C  in  .a  v.acuum  of  le*-*.  than  1  x 
10'^  torr  for  at  least  12  hours.  Tlic  effusion  cell  bakcout  .should  be  performed  in  the 
interlock  chamixtr.  The  cell  slioul  J  remain  under  vacuum  unid  the  next  test  is  to  l>c  started. 
At  that  time,  l!.c  interlock  chamber  should  be  rcpressun/cd  wi'o  d.y  nitmgen  gas  bcfi>rc  the 
effusion  cell  is  removed. 


4.2  MEASUREMENT  PROCEDURE 

The  major  dements  of  the  test  ait  an  isothemid  tr;igassing/depo$it»on  kinetics  test,  a 
QCM  thermal  analysis  (QTA)  of  the  collected  outgusing  species,  and  an  off-line  gu 
chfomatographyAnass  spectrometry  (GC/MS)  analysis. 

4.2.1  Isothermal  Outgassing/Deposiiion  Test 

This  section  describes  the  isothermal  outgassing/deposition  test  procedure,  and  the 
test  parameters  for  tite  standard  test  method. 

4.2.1. 1  Test  Procedure 

Table  4-1  gives  an  outline  of  the  isothermal  outgassing/deposition  test  pnxedutt. 

The  test  sample  is  prepared  and  placed  in  the  cleaned  effusion  cell  using  the 
procedures  of  Section  4.1.  The  effusion  cell  is  placed  on  its  holder  in  the  interlock 
chamber  and  electrical  connections  to  the  cell  arc  made  and  verified.  The  interlock  chamber 
is  closed  to  the  atnxisphere.  The  effusion  cell  shutter  is  closed  so  that  the  cell  can  pass 
through  the  isolation  valve  opening  into  the  main  chamber. 

Prior  to  effusion  cell  insertion,  the  main  chamber  pressure  should  be  in  the  mid  to 
low  10*^  torr  range,  the  liquid  nitrogen-cooled  shrouds  should  be  cold,  the  QCMs  should 
be  ar  heir  designated  operating  temperatures,  and  the  mass  spectrometer  and  its  electronics 
should  be  at  stable  operating  temperatures.  The  pos  tion  of  the  masa  spectrometer  analyzer 
should  be  adjusted  using  the  bellows  feedthrough  so  that  its  ionizer  can  umple  the 
outgassing  flux  from  the  effusion  cell  without  obstructing  tic  line-of-sighi  between  the  ceil 
orifice  and  the  QCM  surfaces.  All  QCM  shutters  should  be  closed  in  order  to  mlnimire  the 
ooUection  of  chamber  b&ckground  contaminmts  when  the  interlock  chamber  isolatkm  valve 
is  opened  for  insertion  of  the  effusion  cell. 

At  test  time  zero  computer  acquisition  of  QCM  frequencies  and  temperatures, 
effusion  cell  temperature,  and  mass  spectrometer  peak  heights  is  initiated.  The  mass 
spectrum  mcAsured  at  this  time  is  (he  spectrum  of  the  empty  chamber.  This  tpeesum  is 
usumed  to  be  the  backgiv  which  obtains  throughout  the  test,  and  will  be  subtracted 
from  all  mass  'oectra  recorded  dunn»  '  '  *est  to  determine  the  spectra  due  to  ouigassed 
products. 

The  nominal  time  between  dau  ^ints  is  arbitrary  and  is  selected  to  be  short  e.iough 
to  provide  suffleient  resolution,  but  not  so  short  that  the  data  acquisition  system  beccu;  » 
uturated  before  the  end  of  a  test  The  time  between  data  points  used  in  this  program  was  5 
minutes. 

The  turbomoiccular  pump  is  turned  off  at  exactly  ic.st  time  zero  to  allow  it  to  slow 
down  prior  to  exposing  it  to  the  atmospheric  pressure  of  the  interlock  chamber.  Sudilcn 
exposure  of  the  turbomoiccular  pump  to  high  pressures  in  order  would  darrvage  the  rotors 
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cvaciMted  initially  by  the  mechanical  pump  through  the  »lc»w»ly  turning  turbomulecuirr 
pump.  By  the  nmc  the  mcchannal  pump  hai  reduced  the  pressure  to  the  free  molecular 
How  regime,  the  turtx>moIccuIar  pump  has  regained  fuil  operational  speed  and  pumping 
capacity 

The  isolation  val\c  is  ('pc^rd  and  thn  c'^fu.u'it  cell  is  i*'  .ei'ctl  into  the  ni.nn  chandler 
>»hcn  the  pressure  in  the  interl^ick  chamKr  has  hren  sutTicicntly  reduced.  Toe  limi 
selected  fsT  effusion  cell  insertion  is  a  coniprxinusc  heivcen  the  nccil  lo  reduce  tlie  intciWvk 
chamber  pressure  sufficiently  to  niimmuc  the  pressure  sutgt  in  tlie  main  chamher  as  the 
isclat.on  valve  is  opened  and  the  need  to  acquire  data  as  s<An  as  possible  after  the 
beginning  of  evacuation.  The  nominal  insertion  time  in  the  sttnd.vd  pnxedinc  is  I  5 
minutes  vO  2.'  hourl,  by  isluch  iiinc  the  inicflixk  ch.ini’HT  pressure  has  tven  reduced  to 
ahH'ut  4  X  10  '  tore. 

The  effusion  cell  is  posiiioncd  at  a  selected  location  rcl.ttive  to  the  QCMs  by 
adjustment  of  the  cell  mounting  rod.  A  nominal  QCM  to  cell  disiance  of  6  00  inches  is 
used  in  the  standard  test  procedure,  so  the  niountmg  rtxl  is  indexed  at  this  po'ition  for 
convenience.  The  QC  M-hxdl  distance  can  mluced  or  increased  to  allow  for  maienals 
with  unusually  low  or  high  ouigassing  rates,  respectively. 

NV^hen  the  cell  has  been  positioned,  the  QCM  and  effusion  cell  shutters  are  ojirned  and 
the  effusion  cell  is  heated  to  the  specified  test  lempc.'.uurc.  The  gate  valve  between  the 
turhomolccular  pump  and  the  mi'  ihamln'r  is  closed  at  this  lime  lo  eliminate  ihe 
possiNliiy  of  main  chamber  com  on  by  oil  vapsir  luck.strraming  from  the  mechanical 
pump  through  the  tarUwriolccuiar  pump  and  inicrlcKk  tli.iml«f. 

After  completion  of  the  startup  activities  the  test  is  almost  fully  auitnnatic.  The  only 
activities  required  dunng  the  test  arc  icplaccmeni  of  tlie  liqii.d  mtn>grii  dewars  when  emp.y 
and  monitoring  the  healiti  and  status  of  the  apparatus. 

At  the  end  of  ihe  test  pciu'd,  the  effusion  cell  iem(>craiurr  controller  is  reset  to 
and  the  cell  shutter  is  closed.  The  cell  is  then  nuwed  fn)m  the  main  chamlwr  back  m  the 
Inirrlfvk  chamlxr  by  moving  the  mounting  rod.  The  ininltx  k  i  hamler  is  isohitril  liom  ihe 
main  chamher  by  closing  the  g.iie  valve  and  is  rcpressiinml  with  dry  nitmgen  gas  When 
Ihe  cell  temperature  has  siabili/ed  at  2.^"C.  the  e’Tusion  cell  Is  removed  from  the  inierirvk 
chamber  and  the  sample  is  taken  out  of  tlie  cell  and  weighed  on  a  laUnaiory  balante.  The 
post  test  weighing  should  p^rfonned  as  soon  as  possih'e  after  the  cample  has  liecn 
reesposed  to  ilie  aiiivisplirfr  lo  imnimi/c  the  amount  of  ir.i.lsorj'iion  of  w.sier  vj(»'t. 

4. 2. 1. 2  Test  I*arairirlcrs 

The  following  lest  p.ii^mriers  were  selc.ied  lor  ihr  i'.i>il.r.in.il  outg-isMuj;  h  j-  .iunn 
ten  by  industry  consensus  at  the  imlusiry  wml.sliop  held  at  las  khred  in  Nov-niirr  luii  t 
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Sample  Temperature:  The  material  is  to  be  tested  at  three  temperatures.  A  new  sample 
is  to  be  used  for  each  tesL  The  standard  test  temperanires  are  125°C.  75^,  and  25‘‘C.  The 
first  two  isothermal  outgassing  tests  are  performed  at  the  standard  sample  temperatures  of 
12S°C  and  7S°C.  The  temperature  of  the  third  outgassing  test  is  selected  on  the  'udsis  of  the 
results  of  the  75^C  test.  If  the  outgassing  rate  at  75°C  is  significant,  the  third  test  is 
performed  at  the  standard  25°C  temperature.  If  the  outgassing  rate  at  75“C  is  very  small 
and  it  is  likely  that  the  outgassing  rate  at  2S‘’C  would  be  negligible,  the  third  test  is 
performed  at  100®C. 

The  125®C  test  temperature  was  selected  because  it  is  a  typical  high  space  system 
qualification  temperature  and  it  provides  correlation  with  the  .4STM  E  595  test.  The  25®C 
test  temperature  was  selected  because  it  is  typical  of  an  uncooled  spacecraft  surface.  The 
75®C  temperature  was  selected  because  it  is  midway  between  the  fust  two  temperatures. 
QCM  Collection  Temperatures:  The  four  QCMs  are  mainuiined  at  temperatures  of  90 
K  or  less,  150  K,  220  K.  and  298  K.  respectively. 

The  90  K  QCM  collects  essentially  all  of  the  outgassing  flux.  The  data  from  this 
QCM  are  used  to  calculate  total  outgassing  data.  The  specified  90  K  temperatiu’e  allows 
for  a  1 3  K  temperature  difference  between  the  QCM  and  the  77  K  reservoir  to  conduct  the 
heat  generated  by  the  QCM  electronics  through  the  thermal  resistance  of  the  attachment  strut 
(Section  3.2.1). 

The  150  K,  220  K,  and  298  K  QCMs  are  used  to  measure  deposition  data  as  a 
function  of  surface  temperature.  The  150  K  QCM  temperature  was  selected  because  it  is 
high  enough  to  prevent  deposition  of  water  vapor  and  most  solvents,  'fhe  298  K  QChf 
was  selected  because  it  is  representative  of  a  typical  uncooled  spacecraft  surface.  The  220 
K  QCM  temperature  was  selected  because  it  is  midway  between  150  K  and  298  K. 

Test  Duration:  The  nominal  test  duration  is  5  days. 

The  test  duration  is  a  compromise  between  the  need  for  long  term  data  to  support 
modeling  and  the  need  to  control  the  cost  per  test.  The  rate  of  change  of  outgassing  rate 
diminishes  rapidly  with  time  because  of  kinetic  considerations,  so  extension  of  the  test 
period  generates  less  and  less  useful  information  per  unit  time.  On  the  other  hand,  the  test 
should  run  at  least  several  days  to  clearly  establish  trends.  The  5-day  test  period  allows  a 
regular  weekly  tcjt  schedule  to  be  established  with  2  days  for  sample  turnaround  between 
teste.  Extension  of  the  test  period  to  2  weeks  would  increase  the  cost  per  test  by  a  factor  of 
two  while  providing  minimal  additional  information. 

Industry  consensus  has  agreed  that  a  test  could  be  terminated  before  5  days  have 
elapsed  if  the  outgassing  rate  becomes  immeasurably  small  or  if  the  outgasshg  rate  shows 
negligible  cnange  with  time. 
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4.2.2  QCM  Thermal  Analysis 

At  the  end  of  the  isothermal  test,  the  deposits  collected  on  all  four  QCMs  are 
subjected,  in  turn,  to  QCM  thermal  analysis  (QTA).  In  QTA,  the  QCM  is  heated  in  a 
controlled  manner  while  the  behavior  of  the  deposit  is  measured  as  a  function  of 
temperature.  The  QTA  test  includes  thermogravimetric  analysis  (QTGA),  in  which  the 
mass  of  the  deposit  remaining  on  the  crystal  is  measured  directly  by  the  QCM  and  mass 
spectrometer  analysis  (QTA/MS).  In  QTAA1S  the  molecular  flux  evaporating  from  the 
QCM  crystal  is  analyzed  by  a  mass  spectrometer. 

An  outline  of  the  operations  performed  during  QTA  is  presented  in  Table  4-2. 
Before  beginning  QTA,  the  mass  spectrometer  analyzer  head  is  repositioned  to  shorten  the 
line  of  sight  between  the  ionizer  and  the  crystal  of  the  QCM  to  be  tested.  In  the  Lxxkheed 
apparatus,  the  geometry  of  the  linear  motion  mass  spectrometer  feedthrough  allows  the 
ionizer  to  be  positioned  directly  under  the  90  K  or  298  K  QCMs.  For  viewing  the  150  K 
and  220  K  QCMs,  the  ionizer  is  positioned  on  the  apparatus  ..enter  line. 

The  shutters  of  the  QCMs  not  being  heated  are  closed  to  reduce  the  possibility  of 
these  QCMs  becoming  contaminated  by  the  flux  evapoiadng  from  the  QCM  under  test. 
The  shutter  for  the  test  QCM  is  placed  in  the  apertured  position  so  that  the  ionizer  views 
only  the  QCM  crj'stal.  This  reduces  the  probability  that  species  evaporating  flom  surfaces 
other  than  the  QCM  crystal  will  be  detected  by  the  mass  spectrometa. 

After  the  QCM  shutters  have  been  propaly  positioned,  the  QTA  test  is  started  The 
QCM  temperature  and  frequency  and  the  mass  spectrometer  peak  heights  are  record;  i  at 
1-minute  intervals.  The  frequency  of  a  QCM  ciystal  is  sensitive  to  heat  flux  througl.  die 
crystal,  so  the  heating  rate  must  be  low  enough  to  keep  heat  flux-induced  frequency 
changes  within  accepuble  limits.  Howe  /er,  the  heating  rate  must  not  be  so  low  that  the 
time  required  for  QTA  becomes  excessive.  Published  data  [9]  indicate  that  errors  in 
frequency  due  to  heat  flux  will  be  acceptably  low  if  the  heating  rate  is  l”CVmin  or  less.  The 
nominal  maximum  headng  rate  seleaed  for  the  test  method  is,  therefore,  l^’CVmin. 

When  the  QCM  has  reached  125°C,  the  test  is  terminated  and  the  QCM  is  allo,.ed  to 
cool  to  its  operadonal  temperature  for  the  isothermal  test  A  maximum  temperature  of 
125^  is  selected  for  QTA  because  this  value  is  equal  to  the  maximum  sample  temperature. 
All  deposited  outgassed  species  should  evaporate  at  or  below  this  temperature  unless  they 
have  changed  chemically  since  deposition. 

After  the  QTA  test  procedure  has  been  repeated  for  all  four  QCMs,  the  mass 
spectrometer  is  returned  to  its  position  for  the  isothermal  test 
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Table  4*2 

Test  Procedure  •  QCM  Thermal  Analysis 


•  Close  shuuers  to  all  QCMs  except  the  test  QCM 

•  Place  the  test  QCM  shutter  in  the  apertured  pos-tion 

•  Reposition  the  mass  spectrometer  to  obtain  the  best  possible  view  of  the  test  QCM 
.  Start  computer  acquisition  of  QCM  frequency  and  temperature,  and  mass 

spcctrometa  peak  heights  at  1 -minute  intervals 

-  Start  healing  the  QCM  at  I  '^/min 

-  Terminate  heating  and  data  collection  when  QCM  reaches  125^ 

-  Place  the  QCM  shutter  In  closed  position 

•  Allow  the  QCM  to  cool  back  to  iu  normal  operating  temperature 

•  Rqteot  the  procedure  for  all  four  QCMs 


4.2.3  Gas  Chromatography/Mass  Specfromelry 

I.'t  the  GC/MS  analysis,  the  material  sample  is  heated  to  a  selected  test  temperature  in 
a  10  psig  helium  gas  environment  for  a^/^ut  15  minutes.  The  gases  evo.ved  from  the 
sample  are  collected  by  flowing  the  helium  through  a  liquid  nitrogen  trap.  The  f'eliUin  flow 
is  then  turned  off,  the  liquid  nitrogen  dewar  is  removed,  and  the  trap  is  heated  up.  The 
collected  species  evaporate  and  flow  through  the  chromatograph  capillary  column.  Each 
species  flows  through  the  column  at  a  different  rate  depending  on  the  species  molecular 
weight.  The  molecular  su-eam  leaving  the  column  is  monitored  by  a  mass  spectrometer, 
wh’ch  repeatedly  scans  a  selected  mass  range  and  records  the  mass  spectrum  and  the  total 
ion  count  as  a  function  of  time  since  the  liquid  nitrogen  was  removed  from  the  trap. 

GC^3  analyses  are  performed  on  material  samples  at  temperatures  of  1 2S*’C  and 
200®C.  T»vo  temperatures  are  selected  to  provide  correlation  with  the  isothermal  outgassing 
test  data.  The  species  identified  by  the  125*C  GCVMS  test  include  only  species  which  arc 
also  evolved  in  the  highest  temperature  (125°C)  vacuum  ouigarsing  test.  However,  ?.ll 
species  evolved  in  the  125®C  vacuum  outgassing  test  may  i  '.n  be  evolved  in  thf  125‘’C 
GC/MS  test  because  of  the  inhibiting  effect  of  the  helium  gas  pressure.  The  species 
identified  by  the  200°C  GC/MS  test  will  include  most  if  .not  all  species  outgassed  in  vacuum 
at  125®C,  but  because  of  the  higher  sample  temperature  it  may  also  detect  thermal 


degradation  products  not  found  in  the  vacuum  outgassing  test  The  200^  temperature  was 
selected  as  a  result  of  development  testing  Mnder  Phase  n  (Section  2.3.1. 4  of  Reference  6). 

To  ensure  detection  and  idendfication  of  all  volatiles  the  mass  spectrometer 
incorporated  in  the  GOMS  apparatus  should  scan  a  mass  range  of  at  least  m/e  =  2  to  KXX), 
where  m/e  is  the  mass  to  charge  ratio. 

4.3  DATA  REDUCTION 

This  section  describes  the  procedures  used  to  calculate  the  test  output  data  from  the 
experimentally-measured  data. 

4.3.1  Iscthermal  Outgassing/Deposition  Data 

This  section  presents  the  equations  and  methods  used  to  calculate  total  outgassing 
data,  total  deposition  kinetics  data,  and  the  contributions  of  each  species  to  the  total 
outgassing  and  deposition  kinetics. 

4.3.1. 1  Total  Outgassing  and  Deposition  Data 

Section  4.3. 1.1.1  presents  the  equations  used  to  calculate  the  amount  of  mass 
deposited  and  the  rats  of  mass  deposition  on  all  four  QCMs  from  measured  frequency  data. 

Section  4.3. 1.1.2  pmsents  the  equations  used  to  calculate  the  OCM-to-effusion  cell 
orifice  view  factor.  Sections  4. 3. 1.1. 3  and  4.3. 1.1. 4  present  the  equations  used  to 
calculate  the  outgassing  and  deposition  kinetics  data,  respectively,  from  QCM  mass 
deposition  data  and  the  QCM-to-effusion  cell  orifice  view  factor.  Outgassing  kinetics  dau 
are  calculated  from  mass  deposition  data  for  the  90  K  (K^M,  while  deposition  data  are 
calculated  from  mass  deposition  data  for  the  ISO  K.  220  K,  uA  298  K  (^CMs. 

413.1.1.1  QCM  Mass  Deposition  Data 

The  mass  deposition  quantities  of  interest  are  the  total  amount  deposited  and  the  rate 
of  deposition  on  a  QCM  as  functions  of  time.  Ttiese  quantities  are  calculated  from  the 
measured  frequency  data  for  the  four  collector  QCMs.  which  can  be  written  in  the  form 
frT,,T„tj).  where  f  is  the  frequency,  T,  is  the  remperature  of  the  collector  (JCM.  T,  is  the 

sample  temperature,  and  is  the  time  at  which  a  data  point  is  acquired. 

4J.1.1.1.1  Total  Mass  Deposited  The  mass  deposited  on  a  (2CM  at  temperature  T, 
from  a  sample  at  temperature  T,  at  time  t|  is  calculated  using  Eq.  (4.1) 

-  K,(f(T„T„t,)-fCT,,T,.0))  (4.1) 

where  f (T,,T,,t))  and  f(Tq,T,,o)  are  the  frequencies  of  the  QCM  at  times  tj  and  zero. 


respectively,  and  K,  is  the  QCM  mass  scnsitiv«y  constant  For  the  lO-MHz  AT-cut  crystals 
used  in  the  Lockheed  apparatus.  K,.  is  equal  to  4.43  x  10*^  g/cm^  Hz  [2]. 

43.1.1.1.2  Mass  Deposition  Rate  The  rate  of  mass  deposition  on  a  QCM  at 

temperature  T,  from  a  sample  at  temperamre  T,  at  time  is 

calculated  using  Eq.  (4.2) 

'ndtT,.T„(V,*ti)/2)  -  (4.2) 

wnere  f(T,,T,,ti)  and  f(T,,T,,t^,)  arc  the  QCM  frequencies  measured  at  tintes  q  and 
respectively. 

4.3.1. 1.2  QCM-tO'Effusion  Cell  Orifice  View  Factor 

The  QCM-to- effusion  cell  orifice  view  factor,  F  is  calculated  using  Eq.  (4.3) 

F  -  (UJ,(L/R)/Bi'4|))i>r*/(cos^, costal)  (4.3) 

where 

r  >  distance  between  the  effusion  cell  orifice  and  the  (^M  crystal 
4  j  =  angle  between  QCM-to-ccll  orifice  line  of  sight  and  orifice  normal 
i2  an,  !e  between  (^CM-uxell  orifice  line  of  sight  and  (^CM  normal 
L  ■  lent  *He  effusion  cell  orifice 
n  «  radius  c.  “^on  cell  orifice 

U4(L/P}  s  Clausing  transmit..  '<  nrobability  for  the  effusion  cell  orifice  [10] 

B(4t}  s  Clausing  angular  flow  di^L..ouuon  function  for  the  effusion  cell  orifice  [6] 

These  parameters  can  be  varied  from  apparatus  to  apparatus  and  from  test  to  test 
without  invalidating  the  test  method,  so  the  test  procedure  does  not  assign  specific  values  to 
them.  The  values  of  the  parameters  that  were  used  in  the  Lockheed  apparatus  for  the  tests 
performed  on  this  program  were  as  follows: 

r  =  15.24  cm  (6.00  in) 

♦  ,  =  10° 

♦2=0° 

L  =  0.310  cm  (0.122  in) 

4.  n 


B  -  0.159  cm  (0.0625  in) 

U4tL/W  -  0.52 

B(^,)  >  0.8908 

Substitution  of  these  values  in  Eq.  (4.3)  gives  a  value  for  F  of  432.4  cm2. 

4.3.1. 1.3  Total  Outgassing  Data 

The  outgassing  kinetics  data  of  interest  are  the  total  mass  loss  and  the  total  outgassing 
rate  per  unit  area.  These  quantities  are  calculated  from  mass  deposition  data  for  the  90  K 
QCM  and  the  QCM-to-effusion  cell  orifice  view  factor.  In  addition,  the  ex  situ  total  mass 
loss  is  calculated  from  pre-  and  post-test  ex  situ  sample  weighings. 

4.3.1. 1.3.1  Total  Mass  Loss  The  total  mass  loss  at  time  t|  from  a  sample  at 

temperature  T,  is  TML(T„t().  calculated  using  Eq.  (4.4) 

TMLCT„t,)  -  rrqWO  K F/m^  (4.4) 

where  m^OO  K,T,,q]  is  the  mass  deposited  on  the  90  K  (^CM  found  from  Eq.  (4.1),  F  is  the 
(^CM-to-effusion  cell  orifice  view  factor  given  by  Eq.  (4.3),  and  is  the  pre-test  sample 
weight. 

The  sample  total  mass  loss  for  a  125*0  sample  after  24  h  of  vacuum  exposure.  i.e., 
TML(I2S*C.24  hi,  is  the  QCM  collection  mcUiod  equivalent  of  the  TML  dau  measured  by 
the  ASTM  E  595  test. 

4J.1.1.3.2  Total  Outgassing  Rate  The  total  outgassing  rate  at  time  (tm^ql/Z  is 
0|0’„(q,i*t()/2),  calculated  using  Eq.  (4.5) 

Q«CT„(Vft()/2)  -  m^90K,T„(ti^,*q)/2)  F/fl,  (4.5) 

where  Kj„(tj*i*q)/2)  is  the  rate  of  mass  deposition  on  the  90  K  (JCM  found  from 
Eq.  (4.2),  F  is  the  QCM-to-effusion  cell  orifice  view  factor  given  by  Eq.  (4.3),  and  fl,  is 
the  area  of  the  sample  exposed  u>  vacuum. 

4J.1.UJ  Ex  Situ  Mass  Loss  The  ex  situ  totcl  mass  loss,  KTML(T„%),  is  calculated 
using  Eq.  (4.6) 


tOMLCT^t.) 


(4.6) 


where  end  m,f  are  the  pre-  and  post-test  sample  mass  measured  by  ex  situ  weighing,  T, 
is  the  sample  temperature,  and  %  is  the  test  duratioft.  KTMLCT,,t,)  is  the  rx  situ  equivalent  of 
the  total  mass  loss  at  the  end  of  the  test  detennined  in  situ  by  QCM  collection.  TML(T,,t,). 
4.3.1. 1.4  Deposition  Data 

It  has  been  customary  in  the  industry  to  express  the  deposition  characteristics  of 
material  outgassing  products  expressed  in  terms  of  the  volatile  condensable  material 
(VCM).  VCM  is  die  fraction  of  the  mass  of  a  test  sample  at  a  specified  temperature  which 
will  condense  on  a  surface  at  a  specified  temperature  over  a  specified  period  cf  time.  The 
ASTM  E  595  measures  the  VCM  on  a  25“C  surface  over  a  24-hour  period  from  a  125“C 
test  sample  but  refers  to  this  fraction  of  condensed  mass  as  the  collected  volatile 
condensable  mateiial  (CVCM).  VCM.  however,  is  not  a  unique  property  of  the  material 
sample  and  collector  surface  4ypes  and  tempera*  ores.  The  net  deposition  rate  of  an 
outgassing  flux  on  a  surface  is  the  difference  between  the  impingement  rate  multiplied  by  a 
sticking  or  condensation  coefficient  and  the  surface  desorption  or  evaporation  rate.  For  a 
given  source  outgassing  rate  the  impingement  rate  on  the  collector  surface  depends  on  the 
distance  between  the  outgassing  source  and  the  surface.  Hence  deposition  rau  and  VCM 
depend  on  the  geometry  of  the  apparatus  as  well  as  the  sample  material  and  sui  face  types 
and  temperatures.  The  kinede  interpretation  of  the  QTA  data  is  discussed  in  more  detail  in 
.Section  5.1. 2.2.2. 

It  is  desirable  to  present  deposiUon  data  in  a  form  which  i*’  independent  of  apparatus 
geometry,  but  to  do  this  we  need  to  assume  a  model  for  the  kinetic  processes  occurring  at 
the  deposition  surface.  Since  there  is  currently  no  industry  consensus  on  how  deposition 
kinetics  should  be  modeled  it  is  inappropriate  to  propose  a  standard  method  for  removing 
the  effect  of  apparatus  geometry  from  the  deposition  data  at  this  time.  The  issue  of 
presentation  of  deposition  data  has  therefore  been  addressed  as  follows: 

(i)  The  standard  data  reduction  procedure  specified  in  this  section  calls  for 
deposition  data  to  be  presented  in  terms  of  VCM. 

(ii)  A  method  for  removing  the  effect  of  apparatus  geometry  from  the  deposition  data 
is  proposed  in  Section  5. 

The  volatile  condensable  material,  vCM(T,,T,,t,),  defined  as  the  fraction  of  the  mass 
of  a  sample  at  temperature  T,  which  has  condensed  on  a  QCM  at  temperature  T,  at  time  t).  is 
calculated  using  Eq.  (4.7) 


VCM(T,,T„t|)  -  rrv,CT,J„t(l  F/m,, 


(•J.n 
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where  m^t  is  the  mass  deposited  on  the  QCM  at  found  from  Eq.  (4.1),  F  U  the 

QCM-to-effusion  cell  orifice  view  factor,  defined  by  Eq.  (4.3),  and  ni,i  is  the  pre-test 
sample  weight 

The  volatile  condensable  material  from  a  sample  at  12S'*C  on  the  298  K  (jCM  aTter  24 
hours  of  exposure,  i.e.,  VCM(299  K,l2S*C,24hl.  is  the  (JCM  collection  method  equivalent 
of  the  CVCM  data  measured  by  the  AS'fM  E  595  rest 
4.3.1.2  Individual  Species  Outgassing  Rates 

The  data  reduction  procedure  approach  proposed  for  the  fully  developed  test  method 
for  determining  the  outgassing  rates  of  each  outgassed  species  requites  that  the  QTA/MS 
test,  Section  4.3.2. 1,  is  able  to  separate  the  individual  species  in  the  collected  outgassed 
flux  with  sufficient  resolution  to  permit  the  mass  fragmentation  patterns  of  the  individual 
species  in  the  deposit  to  be  obtained.  The  individual  mass  fragmentation  patterns  are  then 
input  with  the  isothermal  test  mass  spectrometer  dau  to  a  oeconvolution  algorithm  to 
resolve  the  relative  contributions  of  each  species.  Howeve; .  the  outset  of  the  Phase  IT 
Extension,  the  separation  capability  of  QTA/MS  had  not  yet  been  proven  and  remained  to 
be  evaluated  during  the  course  of  the  daubase  measurement  program.  The  results  of  this 
evaluation,  described  in  detail  in  Section  5.2,  show  that  while  the  QTA/MS  technique  is 
clearly  practical,  it  does  not  have  sufficient  species  separation  capability  in  its  present  sute 
of  development  to  permit  the  individual  species  mass  fragmentation  patterns  to  be 
determined  by  routine  computerized  data  reduction  procedures.  Consequently,  it  was 
necessary  to  use  manual  procedures  to  perform  both  the  QTA/MS  and  individual  specie.*; 
outgassing  data  analysis  in  the  current  program.  Section  4.3. 1.2.1  describes  the 
computerized  data  analysis  procedure  which  is  proposed  for  the  fully  developed  test 
method.  Section  4. 3. 1.2.2  describes  die  manual  procedures  which  were  used  in  the  Phase 
JI  Extension  to  work  around  the  current  QTA/MS  species  separation  issues.  These  issues 
and  the  manual  data  analysis  procedure  are  described  in  more  detail  in  Sections  5.2  and 
5.3. 

4.3.1.2.1  Computerized  Data  Analysla 

If  the  QTA/MS  procedure.  Section  4. 3.2.2,  is  able  to  adequately  separate  the 
individual  species  in  the  outgassing  species  condensed  on  the  90  K  QCM  the  isothermal 
outgassing  test  mass  spectrometer  data  ore  processed  as  follows: 

(i)  The  mass  fragmentation  patterns  foi  the  individual  species  are  obtained  from  the 
(}TA/MS  test  in  an  appropriate  format,  to  be  determined. 

(ii)  The  mass  spectrometer  dau  for  a  particular  mcasur:.ij.;ni  time .  i  the  isothermal 
outgassing  test  pius  the  mass  fragmentation  patterns  for  each  species  are  enieitd 
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into  •  deconvolution  algorithm  and  the  relative  fractions  of  each  species  in  the 
outgassing  flux  at  that  measurement  time  are  calcul  jri>l 

(iii)  The  previous  step  is  repeated  for  as  many  measurement  times  in  the  outgassing 
test  as  are  necessary  to  define  the  variation  of  the  fraction  of  each  species  with 
measurement  time. 

(iv)  The  absolute  outgassing  rate  of  each  species  at  each  measurement  time  is 
calculated  by  multiplying  the  total  outgassing  rate  at  that  measurement  time  by 
the  fraction  of  each  species  in  the  tout  flux  at  that  measurement  time. 

Note:  The  above  procedure  assumes  that  the  ionization  constant  is  the  same  for  each 
species.  The  Phase  II  report.  Reference  6.  describes  a  procedure  for  calculating  the 
ionization  constant  for  each  species  from  the  QTA/MS  test  data.  Addition  of  the  procedure 
for  calculating  the  different  ionization  constants  will  be  reconsidered  after  the  separation 
capability  of  the  QTA/MS  test  has  become  better  developed. 

4.3.1. 2. 2  Manual  Data  Analysis 

If  the  QTA/MS  procedure,  Section  4. 3.2.2.  is  not  able  to  adequately  separate  the 
individual  species  in  the  outgassing  species  condensed  on  the  90  K  QCM.  the  isothermal 
outgassing  test  mass  spectrometer  data  are  processed  as  follows: 

(i)  The  QTA/MS  ion  count  data  for  all  species  peaks  are  inspected  to  select  ions 
which  are  unique  for  that  species.  V/herc  unique  ions  cannot  be  identified,  ions 
which  are  due  predominantly  to  one  species  are  selected.  These  ions,  whether 
unique  or  merely  pnedontinant.  are  designated  as  tracking  ions. 

(ii)  The  isothermal  outgassing  test  mass  specirometcr  ion  count  data  for  all  values  of 
m/e  are  printed  out  in  tabular  form  for  as  many  measurement  times  as  are 
necessary  to  define  the  variation  of  the  fraction  of  each  species  with 
measurement  time.  (In  the  data  analysis  of  Section  5.3  the  selected  times  were 
0.333  hour.  <vhich  was  the  first  data  point  measured  in  the  test;  1  hour,  5  hours; 
and  every  10  hours  thereafter.) 

(iii)  For  each  species,  the  time-dependent  ion  count  data  arc  extracted  from  tlic  total 
data  tabulation  tor  all  cracking  ion  m'e  values  selected  for  that  species. 

(iv)  After  visual  inspection  to  correct  anomalies  the  ion  counts  for  the  tracking  mjt 
values  are  summed  at  each  point  in  time  to  determine  a  total  tracking  ion  count 
characteristic  for  the  species, 

(v)  Tlie  ab.solutc  outgassing  rate  for  the  jlil  species  at  lime  t,  OOflj(t),  is  related  to 
the  total  tracking  ion  count.  by  Eq.  (4.8) 

OGR/t)  -  PjKijit)  (4.8) 
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where  Pj  is  a  proportionality  constant  The  proportionality  constant  can  also  be  eapceaaed 
by  Eq.  (4.9),  which  is  the  integral  of  Eq.  (4.8). 

Pj  -  /‘oGRjttldt  ♦  /*lj{»)<n  (4.9) 

The  outgassing  rate  integral.  J*  OGR^(t)  dt.  is  related  to  the  total  sample  mass  lost  by  Eq. 
(4.10) 


j'  OGR j(t)  dt  -  (TML(T„tjl )  M  «  fj)  /  R, 


(4.10) 


where  fj  is  the  fraction  of  the  jtb  species  in  the  outgassing  products,  calculated  using  the 
QTA/MS  data  of  Section  4  3.2.2.2,  TMLCTj.t^l  is  the  total  mass  loss  at  time  t,  from  a  san:ple 
at  temperature  T„  m,i  is  the  initial  sample  mass,  and  R,  is  the  surface  area  of  the  sample. 
The  ion  count  integral,  dt.  is  related  to  the  area  under  the  plot  of  the  total  tracking  ion 
count  versus  time  for  the  jlll  species,  Rj,  by  Eq.  (4.1 1). 

j'lj(t)dt  -  0^x3600  (4.11) 

The  factor  of  36(X)  in  Eq.  (4.1 1)  accounts  for  the  fact  that  the  abscissa  of  the  ion  count 
plots  ate  presented  in  hours  rather  than  seconds.  Rj  can  be  calculated  from  the  ion  count 
plots  using  numerical  integration  techniques. 

4.3.2  QCM  Thermal  Analysis 

This  section  presents  the  equations  and  methods  used  to  reduce  and  present  the 
(TTGA  and  <?rA/MS  data. 

4.3.2. 1  QTGA  Data 

The  output  dau  from  (}TGA  are  the  fraction  of  the  initial  deposit  mass  remaining  on 
the  <}CM  and  the  evaporation  rate  of  the  deposit  as  functions  of  (JCM  temperature.  The 
methods  used  to  calculate  these  quantities  from  the  measured  data  are  described  in  Sections 

4.3.2. 1.1  and  4.3.2. 1.2,  respectively.  The  measured  data  are  QCM  frequency,  fit,),  and 
QCM  temperature,  as  functions  of  time  The  QCM  is  heated  at  a  constant  rate  of 
l®Cymin  during  QTA  and  the  QCM  frcqucncy-iimc  data,  fltj),  can  be  converted  directly  to 
frcqucncy-tcmpcnture  dau, 
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4.3.2.1.1  Deposit  Mass  versus  Temperature 

As  the  QCM  icm^rdturc  is  incrca<.cd  and  the  deposit  evaptiraics  the  QCM  frequency 
decreases  from  an  initial  value  corresponding  to  the  mass  deposited  at  the  end  of  the 
isothermal  test,  to  a  nnal  value  corresponding  to  a  clean  QCM  surface.  The  mass  on  the 
QCM  at  the  beginning  of  heating  is  given  by  Hq.  (4.12) 

-  K,  (frr,(011  -  f(l25*C))  (4.12) 

where  r(T,lo))  and  f(i25*C)  are  the  QCM  fre<.  .cncies  at  the  beginning  of  headng. »,  -  0,  and 
a;  125°C.  respectively,  and  k,  is  the  QCM  i-  .s  sensitivity  constant  T,(0)  w.  »  equal  to 
90  K,  150  K,  220  K,  or  29S  K,  depending  on  ss!  ich  .set  of  QTGA  data  is  being  reduced. 
The  mass  on  a  (JCM  at  time  \  and  te;npcr.iturc  T,(t, )  is  m,(T,(t,)).  given  by  Eq.  (4.13). 

m,(T,(t,))  -  K,  {»(.,(%))- f(l25*C))  (4.13) 

The  fraction  of  the  total  deposit  mass  remaining  on  the  QCM  at  temperature  T,(t,)  is 
the  fractional  condensable  material.  FCM(T,).  .*CM(T,)  is  given  by  Eq.  (4.14),  which  is 
obtained  by  dividing  Eq.  (4.13)  by  Eq.  (4.12). 

FCM(T,)  -  m,(T,(ti))  /  nv 

(f(T,(t*))-r(l25’C))/(f(T,{C))'f('25’C))  (4.14) 

4.3.2.1.2  Evaporation  Rate  versu-s  Temperature 

The  evaporation  rate  of  the  deposit  at  temperature  (T,(t|«i)<T,(t|)}/2  is 
m,{(T,(t„))»V^Jl/2).  given  by  Eq.  (4.15) 

fT>^(T,(v,)*T,(t,))/2)  -  K,((riv,}-r{t,))/(v,-t,)Hi/uJ,)  (4.15) 

where  Ui,  is  the  Oausing  transmission  probability  ( lOJ  for  the  .ipenure  in  the  QCM  ca.se 
through  which  the  crystal  views  the  surroundings  and  through  vshich  evaporation  lah«s 
place.  Ul,  is  0.89  for  the  QCM  Research,  Inc,  Mark  9  QCMs  currently  used  in  the 
Lockheed  apparatus. 
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0.2.2  QTA/MS  Data 

The  QTA/MS  data  reduction  procedure  approach  proposed  for  the  fuUy-developed 
test  method  tssutnes  that  the  QTA/MS  test  is  able  to  separate  the  individuaJ  species  in  a 
condensed  deposit  of  outgassed  species  witli  sufficient  resolution  to  permit  the  mm 
spectra  of  the  individual  species  in  the  deposit  to  be  obtained  with  sufficient  qualitative  and 
quantitative  accuracy  to; 

(a)  Support  the  proposed  data  reduction  procedure  for  deconvoluting  the  isothcnnal 
lest  mass  spectrometer  data.  Section  4.3. 1.2. 

(b)  Permit  the  chemical  identity  of  the  outgassed  species  to  be  determined  by 
comparing  die  mass  spectra  with  a  standard  library. 

In  fact,  the  separation  capability  of  QTA/MS  had  not  been  proven  by  the  outset  of  the 
Phase  II  Extension  and  remained  to  be  evaluated  in  parallel  with  the  database  measurement 
program.  The  results  of  this  evaluation,  described  in  detail  in  Section  5.2,  show  that  while 
this  technique  is  clearly  practical,  it  does  not  have  sufficient  species  separe  m  capability  in 
its  present  state  of  development  to  permit  the  individual  species  mass  fragmentation  patterns 
to  be  determined  by  routine  computerized  data  reduction  procedures.  Consequently,  it  wu 
necessary  to  use  a  manual  procedure  to  perform  the  analysis  in  the  current  program. 

Section  4.3.2.2.I  describes  the  procedure  that  wilt  be  used  when  QTA/MS  is  sufficiently 
developed  to  permit  using  completely  computerized  data  analysis.  Section  4. 3.2. 2. 2 
dexribct  the  manual  procedures  which  were  used  in  the  Phase  II  Extension  to  work 
around  the  current  QTA/MS  species  separation  issues.  These  issues  and  the  manual  data 
analysis  procedure  are  described  in  detail  in  Section  5.2. 

4.3.2.2.1  Computerized  Data  Analysis 

If  the  QTA/MS  procedure  Is  able  to  adequately  separate  the  individual  species  in  the 
outgassing  species  condensed  on  the  90  K  QCM  the  QTA/MS  data  is  proc.;s5ed  as  follows: 

(i)  The  average  ion  count  (AIC)  plot  as  a  function  of  QCM  temperature  it  printed 
out  by  the  mass  spectrometer  dau  system. 

(ii)  The  QOvi  temperatures  at  which  the  species  peaks  in  the  AIC  data  plot  cccur  are 
recorded. 

(iii)  The  mass  spectra  corresponding  to  the  QCM  temperature  peaL  locations  are 

obtained  from  the  mass  spectrometer  data  system  in  the  following  lorms:  » 

•  A  hard  copy  table. 

-  A  format,  to  be  determined,  suitable  for  entering  into  the  computerized 
isothermal  test  mass  spectrometer  data  deconvolution  algorithm  of  Stciion 
4.3. I, 2. 

•  A  format,  to  be  determined,  suitable  for  entering  into  the  computerized  NRS 
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mass  spectra  library  for  dcrcnii.natu'n  of  ihc  chemical  identity  of  the 
ooifi.issrd  species. 

4.3. 2.2.2  Manual  Data  Analysi.s 

If  the  QTA.'MS  privcdurc  is  not  able  to  aJcijiMicIy  separate  the  individual  species  in 
the  ouip.ivMr.p  'prcies  :t'iu!eti\rd  on  the  9<)  K  Q('M  the  QTAA1-S  d.iia  is  pnx:essed  as 
folloscs: 

(i)  ll.ird  copy  plots  of  mass  spectromeier  ion  count  d.ita  sersu»  Q('M  tempeiaturc 
art  m.idi.'  for  each  ru'e  value  nvinitorcd  . 

(ii)  The  plots  of  ion  count  versus  QC.M  temperature  for  all  m/e  values  art  inspected 

ic  identify  the  temperatures  at  which  peaks  in  ion  count  occur.  These 
peaks  conc^pond  to  the  cv.ipot.iiu  n  of  specific  species  from  ihc  Tlic 

siccics  arc  ilicn  rcfcicnvcd  by  iticir  cv.ipotation  irmjH  r.itiiirs. 

(ill)  The  value  of  the  ion  count  for  each  peak  in  the  n'ot  of  ion  count  versus  QCM 
temperature  are  entered  into  a  table  for  <  >'  nVe  value,  in  columns 

correspsmtling  to  the  species  at  whose  reference  temperature  the  peak  occurred. 

(iv)  The  fraction  of  the  species,  fj,  in  the  miMure  of  outgasr.ing  products  is 
calculated  by  dividing  the  sum  of  ifie  tabulated  ton  counts  for  alt  rr  'c  values  for 
the  species  by  the  sum  of  the  tubulated  ion  counts  for  all  nVc  values  for  all  o.’ 
the  species. 

(v)  The  mass  fragmcnuiion  pattern  and/or  unique  in/t  values  art  determined  for  each 
species  from  the  ion  count  versus  m/e  data  contained  in  its  sppmpria'.e  table 
column. 

(vi)  The  species  arc  identined  chemically  by  manual  comparison  of  the  fragmentation 
pattern  data  in  their  table  culunuis  with  the  fragmentation  patterns  provded  by 
GC/MS. 

4.3,3  CC/MS  Test 

The  primary  data  acquired  in  the  GC/MS  lest  are  n>.iss  spectra  as  a  function  of  scan 
lime  The  GCVM.S  system  software  pnx  esses  these  data  to  provide  loi.il  ion  count  (H  IC)  as 
a  function  of  scan  lime,  relative  propirlions,  and  the  shciincal  idcntiiy  of  the  individual 
species. 

The  TIC  IS  c.ilcul.ited  by  summing  the  induviihial  ni.iss  prak  intensities  in  the 
mr.isufcti  in.iss  spetira  for  f.ich  lime  in  the  m,ui  A  sfiiom.iioy.ram  is  crraicil  by  j’loiiing 
7  IC  ,ig.iinsi  ihf  scan  lime.  Ihe  i!  ics  imn  of  a  p.iMu  ul.u  sjicsirs  is  n.lu.iial  hy  a  |*eak  in  the 
t  hiooi.iiog'am. 

The  nmowul  of  a  p.irtii  ul.ir  spcs  irs  m  ihe  evolvrd  jm\cs  is  api'iosim.iicly  pri'juntiou.il 
to  the  area  of  the  IK'  pe.ik  re*  I'lilcd  for  ih.it  sprs  ic  %.  vshu  h  is  np;  il  to  the  hrip.lii  of  the 
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peak  IntcfTiitid  fy/tt  the  width  of  the  peak.  The  ipfroximate  friction  of  •  given  species  in 
the  total  gases  evolved  is  defined  as  the  ratio  of  th.c  arra  of  Jie  peak  for  that  species  to  the 
sum  of  the  ireas  of  the  peaks  of  ill  species 

The  mass  fragmentation  paticm  measured  at  a  chmmatogram  peak  it  the  u.iiquc 
pattern  of  a  partuular  cvnlvnl  spr  .-irs.  The  thcmw.il  ulmtiiy  of  the  species  is  de trrmiiifd 
by  comparing  the  treasured  mass  fragmentation  paiirrn  ssith  a  computer  hased 
fragmentation  pattern  library.  Itfcausc  species  idcntifitatmn  is  not  an  exact  scientc,  the 
library  search  sxill  frtsjucnily  suggest  more  th.»n  one  possible  ulcntity  for  each  species,  and 
final  idertiftcation  is  made  by  an  expchciKXd  analytical  chemist 
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Section  S 


DATA  ANALYSIS 


The  objectives  of  the  Phase  n  Extension  were  to  exercise  and  evaluate  the  test  method 
by  perfonnirTg  the  database  measurement  program  described  in  Section  6.  Tlit  evaluation 
usl  covered  the  apparatus  performance,  the  test  procedure  effectiveness,  and  the  data 
analysis  methodology.  The  apparatus  performance  evaluation  involved  mainly  operational 
issues  and  is  presented  in  Section  3.  The  test  procedures  presented  in  Section  4  were  very 
satisfactory  and  were  followed  succ,.  .sfully  throughout  the  measurement  program.  The 
major  aspect  of  the  test  method  requiring  detailed  evaluation  was  the  data  analysis 
methodology,  which  includes  data  reduction,  interpretation,  and  presentation. 

This  section  presents  a  detailed  evaluation  of  the  test  method  data  analysis 
methodology.  Since  the  same  approach  was  used  to  analyze  the  data  from  all  material  tests, 
a  convenient  way  to  descrioc  the  data  analysis  methodology  is  to  select  a  typical  material 
test  and  follow  the  data  from  this  test  through  all  steps  of  data  analysis.  The  example 
selected  is  the  12.‘5‘’C  test  on  R'2560  adhesive. 

The  overall  data  analysis  methodology,  Fig.  2-2,  shows  that  the  isothermal  test  total 
oi’igassing  and  deposition  data  can  be  reduced  directly  using  the  procedures  of  Section 
4.3.1.  However,  the  isothermal  test  oiass  spectrometer  data  cannot  be  analyzed  without 
information  on  the  different  outgassed  species  generated  by  the  QCM  thermal  analysis 
(QTA)  test,  which  is  performed  following  the  isothermal  outgassing/deposition  test  These 
tliree  major  steps  in  the  data  analysis  are  therefore  discussed  in  this  order. 

Section  S.l  presents  the  analysis  of  the  total  outgassing  and  deposition  data,  whic  h 
consists  of  simple  and  straightforward  algebraic  processing  of  the  QCM  data. 

Section  5.2  presents  the  analysis  of  the  QTA  test  data,  which  includes  both  QCM 
thrmiogravimetric  analysis  (QTGA)  and  mass  spectrometer  analysis  of  the  outgassed 
spc'.ies  (QTA/MS).  The  QTA/MS  test  is  included  in  the  test  methexJ  to  determine  the  mass 
fragmentation  patterns  of  the  individual  species,  which  are  then  used  to  determine  the 
contributions  of  the  individual  outgassed  species  to  the  total  outgassing/deposition 
behavior.  The  QTA/MS  test  technique  is  a  novel  foimo^  in  situ  gas  chromatography  which 
has  many  potential  benefits.  However,  the  QTA/TvIS  test  technique  is  relatively  complex, 
and  this  database  measurement  program  is  the  first  time  that  its  capability  has  been 
investigated  in  any  depth.  Section  5.2,  therefore,  picsents  a  very  detailed  analysis  of  the 
QTA/MS  data. 

Because  of  the  undeveloped,  high  risk  natuie  of  the  QTA^S  test,  preliminary  ex  situ 
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gas  chromatogr^y/mass  spectrometry  (GC/MS)  tests  were  included  in  the  test  method  to 
provide  additional  supporting  data  on  the  type,  abundances,  and  mass  fragmentation 
patterns  of  the  volatile  species.  The  GC/MS  data  are  analyzed  in  Section  5.2  in  conjunction 
with  the  QTAAIS  data. 

Section  ^  3  presents  the  analysis  of  the  isothermal  outgassing  test  mass  spectrometry 
data  to  resolve  the  outgassing  rates  of  the  different  outgassed  species. 

5.1  ISOTHERMAL  OUTGASSING/DEPOSITION  TEST 

This  section  describes  the  test  sample  used  in  the  outgassing  test,  analysis  of  the  total 
outgassing  and  defwsidon  data  measured  in  situ  by  QCM  collection,  and  the  naass  loss  data 
obtained  by  ex  situ  weighing. 

5.1.1  Test  Sample  Preparation 

The  material  sample  used  in  the  example  test  is  R-2560.  which  is  a  two-part, 
flowable.  red.  room  temperature  vulcanizing  silicone  used  in  bonding,  potting,  and  sealing 
applications.  R-2S60  is  made  by  McGhan-NuSil  Corporation  and  nominally  equivalent 
to  RTV  560  made  by  General  E'cctric  Company.  The  adhesive  is  prepared  by  mixing  O.S 
percent  of  the  dibutyl  tin  dilaurate  catalyst  to  R<2560  base,  and  curing  for  24  hours  at  25°C. 
Since  outgassing  from  this  material  is  diffusion-controlled,  the  test  sample  was  prepared  in 
a  tubular  holder,  causing  outgassing  to  take  place  by  one-dimensional  diffusion  dong  thr 
axis  of  the  tube  to  the  free  end  faces.  The  sample  holder  was  an  open-ended  aluminum 
tube  1.00  inch  long  by  0.37S  inch  inside  diameter.  The  tube  was  filled  by  completely 
submerging  it  in  a  dish  of  uncured  R-2560.  A'ter  the  adhesive  had  cured  the  tube  was  cut 
from  the  dish  and  the  ends  of  the  sample  were  trimmed  flush  with  the  ends  of  the  tube. 
This  method  of  preparation  ensured  that  the  sample  was  homogeneous.  The  exposed 
sample  area  was  1.43  cm^  and  the  initial  sample  weight  was  2.40841  g. 

5.1.2  Isothermal  Total  Outgassing  and  Deposition  Data 

Ihis  section  discusses  how  the  experimental  QCM  data  are  used  to  calculate  total 
outgassing  and  deposition  data,  and  ex  situ  perreni  total  mass  loss. 

5.1.2.1  Isothermal  Total  Outgassing  Data 

The  outgassing  data  of  most  interest  are  the  sample  total  mass  loss,  TML(T,,t),  and 
total  outgassing  rate,  Qt(T„t),  where  T,  is  the  temperature  of  the  sample  and  t  is  the  time 
since  the  beginning  of  evacuation.  These  quantities  have  been  calculated  using  the 
measured  frequency  data  for  the  90  K  QCM  using  Eqs.  (4.4)  and  (4.5),  respectively,  and 
are  plotted  in  Fig.  5- 1(a)  and  5- 1(b). 

Figure  5- 1(a)  shows  the  toul  mass  loss,  TMUT,,t],  as  a  function  of  time.  This  plot  is 
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equivalent  to  a  plot  of  measured  QCM  frequency  versus  time,  multiplied  by  a  constant,  and 
so  is  a  direct  leprescnudon  of  the  experimental  data.  The  curve  shows  the  usual  outgassing 
characteristic  of  high  initial  mass  loss,  followed  by  a  tendency  towards  an  asymptotic  value 
corresponding  to  depletion  of  volatile  material  components. 

Figure  5- 1(b)  is  a  plot  of  total  outgassing  rate  versus  time,  calculated  from  the  90  K 
QCM  frequency  data  using  Eq.  (4.S).  The  major  features  are  a  very  short  duration  spike  in 
the  rate  right  at  the  beginrJng  of  the  test,  followed  by  two  additional  longer  duration  peaks 
during  the  furst  4  hours.  Comparison  with  the  mass  spectrometry  data,  Section  5.3, 
indicates  that  the  initial  spike  and  the  double  peaks  are  real  and  not  an  artifact  of  the 
measurement  system.  The  auxiliary  chamber  pressure  is  not  reduced  to  the  same  level  as 
the  main  chamber  at  the  time  the  auxiliary  valve  is  opened,  so  the  initial  spike  is  almost 
certainly  due  to  the  collection  of  residual  atmospheric  gases  from  the  auxiliary  chamber 
when  its  valve  is  opened.  The  peak  at  about  1  hour  is  the  balance  point  between  the 
increase  of  outgassing  rate  due  to  the  initial  heating  of  the  sample  and  the  usual  decrease  of 
outgassing  rate  with  time.  The  peak  at  about  4  hours  is  unusual  and  was  unexpected.  The 
most  probable  explanation  is  that  the  sample  was  initially  incompletely  cured  and  that 
h'tating  to  the  12S*’C  test  temperature  completed  the  cure.  The  peak  at  4  hours  would  then 
be  due  to  the  outgassing  of  the  additional  reaction  products  produced  by  the  completion  of 
the  R-2560  adhesive  cure.  This  explanation  is  supported  by  the  mass  spectrometry  data  of 
Section  5.3,  which  also  appear  to  indicate  that  curing  continues  throughout  the  outgassing 
test. 

The  noise  in  the  outgassing  rate  data  is  due  to  a  combination  of  the  method  used  to 
calculate  the  rate  from  the  measured  QCM  frequency  data  and  changes  inducerl  in  the  QCM 
frequency  by  cycling  of  the  QCM  temperature  over  a  small  range  between  liquid  nitrogen 
reservoir  fills.  The  outgassing  rate  is  calculated  using  a  finite  difference  method  to  calculate 
the  outgassing  rate  from  difference  in  measured  QCM  frequency  data  points  spaced  5 
minutes  apart.  This  method  will  tend  to  arepMfy  irregularities  in  the  raw  data,  especially  at 
the  longer  test  times  for  which  the  mass  accumulation  between  the  S  minute  data  points  is 
very  small.  Many  sophisticated  software  techniques  exist  for  filtering  and  smoothing  data 
but  the  scope  of  the  program  did  not  allow  these  techniques  to  be  fully  explored.  Instead, 
several  relatively  simple  smoothing  approaches  were  evaluated. 

Figure  5-2(a)  shows  the  outgassing  rate  calculated  the  same  as  Fig.  5  1(b),  i.c., 
using  5  minute  intervals,  but  the  outgassing  data  arc  printed  out  every  25  minutes  rather 
than  every  5  minutes.  This  approach  is  not  strictly  a  smoothing  technique,  but  it  docs 
produce  a  less  confusing  plot. 

Figure  5-2(b)  shows  outgassing  rate  calculated  using  Eq.  (4.5)  but  using  frequency 
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Fig.  5-2  Outgassing  Rate  Data  for  R-2560  at  1 25®C  CaJculated  using  Various 

Smoothing  Techniques;  (a)  Plot  Every  Fifth  Point,  (b)  Average  O/er  25 
Minutes,  and  (c)  Average  Over  25  Minutes,  Repeat^  Four  Times. 


data  points  separated  by  2S  minutes  rather  than  5  minutes.  This  technique  smoothes  by 
determining  the  outgassing  rate  over  a  longer  period.  The  figure  shows  that  the  technique 
removes  most  of  the  random  noise,  leaving  only  the  cyclic  effect  of  the  QCM  ftequency 
variations  with  temperature.  It  also  removes  the  initial  spike  and  rounds  off  the  two  peaks. 

A  third  technique  is  to  apply  the  smoothing  technique  of  averaging  over  a  larger  time 
interval  several  times  in  succession.  This  approach  can  eventually  remove  all  variation 
^m  the  dau  if  used  a  very  large  number  of  times,  and  so  must  be  used  judiciously. 
Figure  5*2(c)  shows  the  effect  of  repeating  the  25  minutes  averaging  technique  four 
successive  times.  The  additional  averaging  clearly  removes  all  of  the  random  noise  and 
further  highlights  the  effect  of  QCM  temperatuic  cycling. 

The  most  appropriate  way  to  smooth  a  given  set  c  lata  is  a  strong  function  of  the 
properties  of  the  data  set.  All  three  of  the  above  tccha- .  s  were  used  in  reducing  the 
outgassing  data  for  the  materials  in  the  database  of  Section  o.  The  techniques  were  applied 
and  modified  as  appropriate  for  each  material. 

S.1.2.2  Deposition  Data 

An  accepted  practice  in  the  industry  has  been  to  present  deposition  data  in  the  form  of 
volatile  condensable  material  (VCM).  The  VCM  of  a  material  at  a  specified  temperature  is 
the  fraction  of  the  original  mass  of  an  outgassing  test  sample  that  will  deposit  on  a  collector 
surface  held  at  that  temperature.  The  VCM  of  a  material  is  a  function  of  the  sample 
temperature,  the  collector  temperature,  and  the  duration  of  exposure.  However,  VCM  is 
also  denendent  on  apparatus  geometry  and  so  it  is  not  a  basic  material  property.  Use  of 
VCM  data  is  therefore  not  a  rigorous  way  to  characterize  the  deposition  characteristics  of 
material  outgassing  products. 

Because  of  the  limitations  of  expressing  deposition  characteristics  of  the  VCM,  we 
should  develop  a  data  reduction  approach  which  removes  the  effect  of  apparatus  geometry. 
However,  the  effect  of  geometry  cannot  be  removed  without  making  some  assumptions 
about  the  kinetics  of  deposition.  Sine:  no  standard  deposition  kinetics  model  has  been 
adopted  by  industry,  any  further  processing  of  the  deposition  dau  would  have  to  be  based 
on  Lockheed's  understanding  of  the  deposition  kinetics,  and  it  would  be  presumptuous  and 
costly  to  present  the  deposition  dau  in  a  manner  that  has  not  been  generally  accepted.  This 
dilemma  has  been  resolved  here  by  presenting  the  main  deposition  daubase  in  the  form  of 
VCM,  while  proposing  a  method  for  removing  the  effect  of  apparatus  geometry  from  the 
VCM  dau.  It  is  then  left  to  the  user  to  decide  whether  or  not  to  use  this  method.  The 
method  proposed  for  removing  the  effect  of  apparatus  geometry  is  presented  In  Section 
5.I.2.2.2. 
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5.1.2.2.1  Volatile  Condensable  Materia'  'VCM) 

The  VCM  has  been  calculated  for  each  QCM  temperature  using  Eq.  (4.7),  and  has 
been  plotted  in  Figs.  5-3(a),  (b),  and  (c).  The  form  of  these  plots  is  very  similar  to  the 
TML  data  of  Fig.  5- 1(a),  and  indeed,  the  VCM  for  a  90  K  surface  is.  by  definition,  equal 
to  the  TML. 

The  data  of  Fig.  S-3  can  be  used  to  make  a  rough  estimate  of  the  fraction  of  the  total 
outgassing  flux  which  is  condensable  at  the  three  collection  temperatures  as  a  function  of 
time.  Table  5-1  shows  TML  data  taken  from  Fig.  5-l(a)  and  VCM  data  taken  from  Fig. 
5-3  for  various  exposure  times.  The  ratios  of  VCM  to  TML.  c  xub’ed  for  each 
temperature  and  time,  are  plotted  in  Fig.  5-4.  The  f? .  i  ihe  more  volatile 
components  are  outgassed  in  the  first  10  to  '  ...  alter  which  time  the  ratios  do  not 

change  much  with  time.  This  figure  can  be  used  to  quickly  estimate  the  fraction  of  the  total 
outgassing  flux  which  will  condense  on  a  surface  at  one  of  these  temperatures.  However, 
we  must  remember  that  these  data  are  a  function  of  the  apparatus  geometry. 

5.1. 2.2.2  Kinetic  Interpretation  of  the  Deposition  Data 

This  section  proposes  a  simple  model  for  representing  the  deposition  prex . 
Deposition  is  a  Idnedc  process  in  which  the  net  deposition  rate  is  the  difference  between  in.* 
impingement  rate  multiplied  by  a  sticking  or  condensation  coefficient  and  the  surface 
desorption  or  evaporation  rate.  This  relationship  is  expressed  by  Eq.  (5.1). 

rn^  •  (nil  x  C)  •  m,  (5.1) 

where  is  the  net  deposition  rate,  mj  is  tl.e  impinging  flux,  C  i  >  the  condensation  or 
sticking  coefficient,  depending  o.i  whether  deposition  is  in  the  bulk  condensation  or 
adsorption  legimes,  respectively,  and  m,  is  the  evaporation  rate  from  the  surface.  Because 

the  impingement  rate  will  vary  with  the  distance  between  the  outgassing  source  and  the 
collector,  the  net  deposition  rate  is  geometry -dependent .  On  the  other  hand,  the  desorption 
or  evaporation  rate  is  a  property  of  the  surface/contaminant  system,  and  for  low 
impingement  rates  is  independent  of  <he  impingement  rate.  It  is  iherefbre  more  useful  to 
present  the  deposition  data  in  the  fonn  of  the  desorption/evaperation  rate,  m,.  rather  than  in 
the  form  of  the  net  deposition  rate,  Given  the  desorption/evaporaiion  rate  and  an 
estimated  value  of  C,  the  modeler  could  then  estimate  the  net  deposition  rate  for  an  arbitrary 
impinging  flux.  Experimental  evidence  suggests  that  for  a  species  impinging  on  its  own 
condensed  phase.  C  is  close  to  unity.  Assuming  that  C  is  unity  Eq.  (5.1)  can  be  rearranged 
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R<.  5-4  VCM/TML  for  R-2560  ai  125®C  lor  Three  QCM  Collector  Temperatures. 
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Table  S*| 


Fraction  of  Total  Outpassed  Products  Condensable  at 
Three  Surface  Temperatures 


Time 

(hn) 

•IML(90) 

VCM(150) 

'  yoni5fl) 

TML(90) 

VCM(220) 

yCMLZ:!]) 

TML(90) 

VCM(298) 

TML(90) 

4 

0d65 

0.21 

0.371 

0.105 

0.186 

C.008 

a01416 

8 

0.775 

0J5 

0.452 

0.17 

0.219 

0.0115 

0.0148 

12 

0.89 

0.445 

0.5 

0.22 

0.247 

0.014 

0.0157 

16 

0.96 

OJ 

0.521 

0.255 

0266 

0.0164 

0.0171 

20 

l.OIS 

OJS 

0.542 

0.282 

0.278 

0.018 

0.0177 

24 

1.058 

0J9 

0.558 

0.305 

0.288 

0.0195 

0.0184 

28 

1.1 

0.622 

a565 

0.33 

0.3 

0.021 

0.0191 

32 

1.135 

0.655 

0.577 

0.355 

0.313 

0.0223 

0.0196 

36 

1.17 

0^5 

0.585 

0.375 

0.321 

0.0238 

0.0203 

40 

U1 

0.71 

0.587 

0J9 

0.322 

0.023 

0.0207 

44 

1.235 

0.735 

0.595 

0.41 

0.332 

0.026 

0.0211 

48 

1.255 

0.755 

0.602 

0.425 

0.339 

0.027 

0.0215 

to  give  (he  following  expression  for  the  evaporation  rate 


•  tni  •  fn^ 


(5.2) 


The  impingement  rate,  m),  is  the  same  on  all  QCMs  because  of  the  symmetrical  apparatus 
geometry.  It  is  equal  to  the  deposition  rate  on  the  90  K  QCM,  which  can  be  estimated  from 
the  slope  of  the  TML  data,  Fig.  5- 1(a).  The  deposition  rates  on  the  150  K,  220  K,  and  298 
K  QCMs  can  be  estimated  from  the  slopes  of  the  VCM  data  plots,  F:g.  5-3.  Since  the  TML 
and  VCM  data  are  expressed  as  a  fraction  of  sample  mass  (he  slopes  of  both  the  'fML  and 
VCM  plots  are  converted  to  deposition  rates  on  the  (X^Ms  by  multiplying  by  the  factor 
(m,!  /  FI  where  m,(  is  the  sample  initial  mass  and  F  is  the  effusion  cell  onnce*tO'(X^  view 
factor  (Section  4,3, 1.1. 2).  The  evaporation  rate  is  then  found  from  Eq.  (5.3),  which  is 
obtained  by  substitu  Jng  the  TML  and  VCM  slope  data  into  Eq.  (5.2). 

m,  -  ((tlope  of  TML  data) -(tlopt  of  VCM  datol)  m,j  /  F  (5-3) 
Evaporation  rates  have  been  calculated  fur  the  125 'C  R-2S60  test  using  Eq.  (S.3)  and 
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the  TML  and  VCM  data  of  Figs.  5- 1(a)  and  5-3.  respcciively.  and  arc  ploucd  in  Figs. 
5-S(a)  and  5-5(b).  The  linear  plot  of  Fig.  5-S(a)  shows  that  at  all  three  surface 
temperatures,  the  deposit  evaporation  rate  is  much  higher  in  the  earlier  stages  of  outgossing 
when  the  more  volatile,  lower  molecular  weight  species  are  being  released.  The 
evaporation  rate  falls  rapidly  with  time  as  the  more  volatile  species  are  completely 
outgassed.  There  is  a  marked  change  in  the  rate  of  decline  at  about  10  hours  as  the  most 
volatile  species  are  almost  completely  depicted. 

The  log  plot  of  Fig  5-5(b)  shows  the  evaporation  rate  at  longer  test  times  more 
clearly.  The  net  deposition  rate  fur  an  arbitrary  impingement  rate  can  be  calculated  by 
substituting  the  impingement  rate  and  an  evaporation  rate  taken  from  Fig.  5-5(b)  into  Eq. 
(5.1).  Note  that  the  values  of  given  in  Fig.  5-5  are  not  unique  functions  of  die  surface 

temperature  and  time.  The  effective  evaporation  rate  at  a  given  time  also  depends  strongly 
on  the  amount  of  mass  deposited  and  the  types  and  proportions  of  species  in  the  deposit  at 
that  time. 

5.1.2.3  F.x  .Situ  Total  Mass  Loss 

The  initial  and  final  sample  masses  detennined  by  ex  situ  weighing  were  2.40841  g 
and  2.37165  respectively,  which  corresponds  to  an  ex  situ  TML  of  1.53  percent.  This 
is  about  20  nt  higher  than  the  TML  of  1.25  percent  determined  by  QCM  collection. 
The  level  c  cement  obtained  in  Phase  II  for  similar  comparisons  was  much  better  - 
about  ±2  pc.  The  lower  level  of  agreement  obtained  in  the  Phase  II  Extension  is 
believed  to  1.  to  weighing  crors;  in  Phase  II  sample  weighings  were  made  with 
greater  care  bcc  ^  the  need  to  dcicmiinc  absolute  accuracy  of  the  test  method.  In  the 
Phase  II  Extension  sample  weights  were  detemtined  by  single  routine  weighings. 

5.2  QCM  THERMAL  ANALYSIS 

This  section  discusses  the  results  of  the  QCM  thermal  analysis  ((^A)  test  on  the 
outgassing  products  deposited  on  the  QCMs  at  the  end  of  an  isothermal  ouiga.ssing  test. 
The  QTA  test  includes  QCM  thcmiogravimetric  analysis  (QTCA),  in  which  the  QCM 
deposit  mass  is  measured  as  a  function  of  icmpcralure,  and  thermal  analysis  plus 
nuss  spectrometry  ((JTA/MS),  in  which  the  ouig.issing  prrxlij.  ts  evaporating  from  a  (JCM 
are  analyzed  with  a  mass  spectrometer.  The  QTGA  lest  is  rcl.^iivcly  simple  to  execute  and 
interpret  and  has  been  used  routinely  at  Lockheed  since  the  mnl  1970's.  The  QTAA1S  test 
is  a  new  dcvciopmcit,  and  to  the  authors'  knowledge  has  not  been  described  previously. 
Aliliough  iht  validity  of  the  concept  h.id  not  been  verified  previously,  the  QTA/MS  tc.st  waa 
included  in  the  test  mclhiKj  bctaii  it  offered  ihc  orly  conceptually  straightforward  means 
for  determining  tlic  mass  fragmentation  patterns  of  {hr  individual  oulgas.,cd  specie. 
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h  is  thus  a  key  e’emem  in  ihe  ambitious  strategy  of  Fig.  2-2  for  resolving  the  ouigas.sing 
rates  of  the  inilivulual  species  faim  the  total  outgassing  ilux.  Since  the  QTA/MS  test  is 
Mich  a  key  element  m  the  overall  test  method  while  also  being  its  most  ccmple*  and  highest 
n\k  conifx'innt,  this  section  analyres  OTAi'MS  in  a  relatively  deuiled  manner. 

5.2.1  QCM  Thermograsimrtric  Analysis 

In  a  Q1X.I  A  test  a  Q('M  is  hc.ttcd  from  its  base  collector  temperaiuir  to  125‘'C  at  a  rate 
of  I'  CVmm.  it.'id  its  frequency  and  tcmpcratuie  are  recorded  as  functions  of  time,  fhese 
d.i'.a  are  reduced  using  Fqs.  (4.10)  and  (4.1 1)  to  dctcnr.ine  the  fraction  of  the  initial  deposit 
riuss  rcimining  on  the  (^CM,  flm,  and  the  evaporation  rate,  m,.  as  functions  of 
ii’o'j'craiure. 

5.2. 1.1  I'raclion  of  Initial  Deposit  Mass  lUmaitiing  on  the  QCM  (FCM) 

I  igiires  6  and  5-7  show  FCM  as  a  function  of  temperature  during  the  QTGA  test  on 
the  R-I.'h'd  outgassed  species  deposited  on  the  90  K,  150  K,  220  K,  and  298  K  OCMs. 
The  FCM  data  fo:  ell  four  ()CMs  have  been  nomi.ili/cd  to  the  90  K  data  by  expressing  ihem 
as  fractions  of  the  mass  on  the  90  K  QCM  a;  .he  iKginr.ing  of  QTA. 

The  form  of  Fig.  5-6(a)  implies  the  evaporation  of  four  different  major  species,  or 
gMups  of  species,  evaporating  in  the  tetnnciaiure  regimes  of  158  K,  198  K.  2.^8  K,  and 
290  K  i^cspcclivcly  The  results  of  the  GO'MS  and  QTA/MS  tests,  presented  latei,  show 
that  the  l.'S  K  and  198  K  groups  consist  mainly  of  a  single  .species,  but  the  4.jaK  and  290 
K  groups  include  several  species. 

The  relative  mass  fractions  of  each  species  or  species  group  can  be  readily  estinu..  •* 
from  Fig.  5  6(a).  The  1 58  K.  198  K,  2.^8  K.  and  290  K  species  have  mass  fractions  of 
aUiut  0.43,  0.22,  0, 17,  and  0. 18,  respectively. 

If  the  QTGA  test  were  to  be  performed  u..ing  heating  rate  slow  er^tugh  for  the 
dcpsisit  mass  to  equilibrate  at  each  QCM  temperature,  then  the  FCM  data  at  150  K,  220  K, 
and  2'  8  K  should  be  equal  to  the  value  of  VCM/^ML  for  each  of  these  temperatures 
recorded  at  the  end  of  the  outg.issing  ic.st.  The  FCM  at  150  K  in  Fig.  5  6(a)  is  6'illing 
rapidly  to  an  equilibrium  value  of  about  0.57,  which  comp.nies  with  a  VCM/TML  at  1.50  K 
from  Table  5-1  of  O.fiO.  The  FCMa  n  220  K  and  298  K  from  l  ig  5-6ta)  are  ahsiul  0.3.3 
and  002,  respectively,  which  comp.ire  with  VCM/TML  figures  vif  0.34  and  0  02, 
rcs|'cciivf  ly,  f  om  Table  5- 1 ,  The  FCM  d.iia  at  a  given  icnipcraiure  thus  do  imlccil  agree 
well  w  It!)  the  VC.M/TMI.  d.iia,  llie  d.ila  can  therefore  be  used  lo  csiim.iic  VCM/TML  ar  1 
he  nec  VCM  for  trinperaiiiies  in  iKiween  the  stand  iid  isothenn.il  lest  VC.M  measurrment 
tei”|KT.iuires  of ‘70  K,  1.50  K.  220  K,  and  2‘^8  K. 

.SiniC  the  iinpingement  rate  of  each  ouigassmg  species  and  the  relative  anvHinis  of 
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if.  5-6  QCM  Thrrmofravijwtry  Data  (rcf  l)  Un  Outj'./.uini;  Prixliicw  Collfr'vv'  ,:n 
tfie  (a)9()  K  anj  (b)  I'O  K  Q(’Ms  fii*in  K  2>(i(>nt  I25''C'.  Ma  .Siif 
Cullaled  PrudiK-t*  Rctiiiuning  on  iltr  as  a  I  unt  tion  of  Tc.nix'rBliirr. 
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Fig.  5-7  QCM  Thenmogravimctry  Data  (FCM)  for  Outgassing  Products  CoUec.zd  on 
the  (a)  220  K  and  (b)  298  K  QCMs  from  R-2560  at  125°C.  Mass  of 
Collected  Products  Remaining  on  the  QCMs  as  a  Function  of  Temperature. 


each  species  in  the  ouigassing  flux  is  the  same  on  all  four  QCMs,  the  same  amount  of  a 
given  species  should  condense  on  all  QCMs.  as  long  as  the  QCM  is  epentring  below  the 
evaporatici  temperature  of  that  sp)ccics.  The  QTGA  plots  for  all  four  QCMs  could, 
therefore,  be  expected  to  be  qualitatively  and  quantitatively  similar  in  form.  The  only 
difference  expected  between  these  four  QTGA  plots  was  that  for  the  higher  temperature 
QCMs  there  will  be  no  data  for  the  temperature  range  between  90  K  and  the  normal 
operating  temperature  of  that  QCM.  The  qualitative  nature  of  the  four  QTGA  characte^sdes 
and  the  relative  fractions  of  each  component  implied  by  the  plots  do  agree  well.  However, 
the  temperature  at  which  a  particular  species  or  group  evaporates  is  higher  for  the  higher 
collection  temperature  QCMs.  The  differences  in  evaporation  temperature  arc  too  large  and 
too  systematic  to  be  explained  as  random  measurement  errors. 

Section  2.2. 1.3.1  disc'isscs  the  performance  of  QTGA  and  lists  several  factors  which 
could  produce  a  temperature  displacement  of  the  evaporation  characteristic.  The  effect  of 
most  of  these  factors  is  to  displace  the  evaporation  characteristic  to  a  higher  temperature  for 
larger  initial  deposit  masses.  This  is  the  opposite  of  what  is  observed  in  Figs.  5-6  and  5-7, 
since  the  higher  collector  temperature  QCMs  have  smaller  initial  deposits. 

Another  way  of  viewing  the  QTGA  data  is  that  the  lower  collector  temperature  QCMs 
appear  to  have  their  evaporation  characteristics  shifted  to  lower  temperatures.  The  only 
major  systematic  facto,  which  could  explain  the  displacement  of  a  temperauoe  characteristic 
to  lower  temperatures  for  higher  initial  deposit  masses  is  a  nnixture  effect  such  as  the 
foimadon  of  azeotropes.  For  example,  consider  the  hypothetical  case  of  two  species  A  and 
B  whose  evaporation  properties  are  very  similar  but  are  such  that  A  alone  will  not  condense 
on  the  150  K  QCM  but  B  alone  will.  The  deposit  on  the  150  K  QCM  will  contain  no 
species  A,  so  as  the  QCM  is  heated,  B  will  evaporate  in  its  normal  characteristic 
temperature  regime.  However,  the  90  K  QCM  will  carry  a  mixnue  of  B  and  A  ,and  if  these 
two  species  fonn  an  azeotrope,  species  B  may  evaporate  at  a  lower  temperature  than  noimil 
due  to  the  influence  of  A. 

The  precise  cau.se  of  the  temperature  displacement  phenomenon  could  be  investigated 
further  with  the  help  of  the  QTA/MS  data  because  the  mass  spectrometer  is  able  to  resolve 
the  different  species.  Since  it  is  not  necessary  to  identify  the  evaporation  temperature  of 
each  species  accurately  in  the  present  test  methodology  and  since  funding  was  limited  the 
issue  was  not  pursued  further  in  this  program.  However,  this  phenomenon  is  deserving  of 
a  more  rigorous  explanation  in  the  interests  of  improving  our  understanding  of  QTGA. 
S.2.1.2  QTA  Evaporation  Rale  Data 

Additional  information  can  be  obtained  from  the  QTGA  data  by  plotting  the 

differential  of  the  mass  data,  i.e.,  the  rate  of  evaporation  from  the  QCM,  m,,  versus 
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temperature.  A  plot  of  evaporation  rate  versus  temperature  is  analogous  to  a  conventional 
differential  thermogravimetric  analysis  (OTGA)  characteristic  and  hence  by  analogy  can  be 
referred  to  as  DQTGA.  Two  types  of  DQTGA  plot  arc  presented  here.  First,  it  is  shown 
that  the  latent  heat  of  an  evaporating  species  can  be  deduced  from  a  log-linear  plot,  so  this 
type  of  plot  is  useful  to  the  modeler  who  wishes  to  obtain  more  information  about  the 
properties  of' the  ou«gasscd  species  from  the  dau.  However,  the  log-linear  plot  gives 
background  noise  the  same  degree  of  prominence  as  real  mass  changes,  and  does  not  show 
the  qualitative  nature  of  the  differential  evaporation  process  very  clearly.  The  different 
evaporation  regimes  of  the  different  species  are  moie  dramatically  highlighted  on  a 
linear-linear  plot.  The  log-linear  and  linear-linear  plots  are  presented  and  discussed  in 
Sections  S.2. 1. 2.1  and  S.2. 1.2.2,  respectively. 

5.2. 1.2.1  The  Log-Linear  Plot 

The  evaporation  rate  of  a  species  can  be  expressed  by  the  Langmuir  relationship: 

m,  -  « Pv  (5.4) 


where 


M 

T 

R 


evaporation  rate,  g/cm^s 
evaporation  coefficient 
vapor  pressure,  dynes/cm^ 
molecular  weight 
temperature,  K 

universal  gas  constant,  8.31  x  10^  dyne  cm/g  mol  K 


For  most  species,  the  relationship  between  the  vapor  pressure  and  temperature  can  be 
cxpiessed  by  an  equation  of  the  form  of  Eq.  (5.5) 


Pv  -  P,  exp  ( -  h/BT) 


(5.5) 


where 

P,  -  a  constant,  dynes/cm‘ 

H|  -  latent  heat  of  evaporation,  cals/mol 
R  «  universal  gas  constant,  1.98  cals/mol  K 
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Equations  (S.4)  and  (5.5)  can  be  combined  to  give  the  following  relationship  between 
evaporation  rate  and  temperature. 

ln(m,>/T)  -  ln(c«P,(M/2^rR)V2)-^^/RT  (5.6) 

Equation  (5.6)  indicates  that  if  inCm^y^T]  is  plotted  against  i/T,  a  straight  line  should  be 
obtained  whose  slope  is  H|/r.  In  a  QTGA  test  on  the  evaporation  of  water  ice  (1 1]  it  was 
demonstrated  that  the  latent  heat  determined  from  the  slope  of  the  evaporation  rate  data 
agreed  ver>'  well  with  published  latent  heat  data  for  water.  The  absolute  value  of  the 
measured  evaporation  rate  also  agreed  well  with  the  rate  calculated  from  Eq.  (5.6)  using 
published  vapor  pressure  data  fur  water. 

Figure  5-8  shows  the  DQTGA  data  for  the  test  following  the  125'’C  outgassing  test  on 
R-2560  plotted  in  the  form  of  vs  l/T.  The  prominence  given  to  the  noise  in  this 

type  of  plot  is  quite  apparent 

For  the  two  species  which  evaporate  in  the  tcmpcratuie  regimes  of  158  K  and  198  K, 
the  evaporation  data  produce  distinct  straight  lines.  These  lines  have  been  further  analyzed 
using  Eq.  (5.6).  Figure  5*9(a)  shows  the  dau  from  Fig.  5-8  on  an  expanded  scale  which 
covers  the  evaporation  temperature  regime  near  158  K.  The  experime.ital  data  in  this 
regime  fall  on  a  straight  line  whose  slope  is  found  from  the  linear  curvcfit  ?  >ation  given 
on  the  graph  to  be  5,669.4  K,  which  implies  a  heat  of  sublimation  of  11,225  cals/mol. 
Analysis  of  the  mass  spectrometer  data  later  in  the  report  indicates  that  the  158  K  species  is 
1 -propanol,  for  which  the  CRC  Handbook  gives  the  following  equation  for  vapor 
pressure. 


logwP  -  9.518  -  24  69/T 


(5.7) 


Equation  (5.7)  implies  a  latent  heat  of  11,256  cals/mol,  which  is  very  close  to  that 
determined  by  QTGA  from  Fig.  5-9(a). 

The  theoretical  evaporation  rate  of  1 -propanol  has  been  calculated  by  substituting  Eq. 
(5.7)  into  Eq.  (5.4),  with  the  assumption  that  the  evaporation  coefficient  is  equal  to  unity, 
and  has  been  plotted  in  Figure  5-9(a).  The  temperature  used  in  the  calculation  is  the 
temperature  indicated  by  the  QCM  platinum  resistance  tJicrmomcter  (PRT).  The  theoretical 
evaporation  rate  has  the  same  slope  as  the  measured  data,  but  the  thvoretical  line  lies  above 
the  measured  data.  There  are  several  possible  explanations  tor  the  difierence  between  these 
two  characteristics.  If  the  temperature  distribution  in  the  is  such  that  the  temperature 
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Fig.  5*8  Diffcr-ndal  QC.M  Thermogravimetry  Data  for  Outgassing  Products 

Q)llected  on  the  90  K  QCM  from  R-2560  at  125°C  (in,^T  versus  l/T). 
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Fig.  5-9  Evaporation  Rate  Plots  (m,\/T  versus  l/T)  of  the  158  K  and  198  K  Species: 

(fa)  Comparison  of  Measured  and  Theoretical  Evaporation  Rates  for  the  158  K 
Species  (1-propanol)  and  (b)  Measured  Evaperation  Rate  for  the  198  K  Species. 
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of  the  QCM  crystal  is  less  than  the  temperature  of  the  PRT  then  the  measured  evaporation 
rate  will  be  systcmatical'y  less  than  the  theoretical  rate.  Tne  crystal  will  in  fact  always  be 
cooler  than  the  PRT  because  of  surface  cooling  caused  by  evaporation  and  radiative  cooling 
by  the  cold  walls.  The  crystal  temperature  would  have  to  be  about  4.5  K  less  than  the  PRT 
temperature  in  order  to  explain  the  observed  difference.  Alternatively,  if  it  is  assumed  that 
the  crystal  is'at  the  same  temperature  as  the  PRT,  the  difference  implies  that  the  measured 
evaporation  rate  is  a  factor  of  4.4  times  lower  than  theoretical.  This  cotild  be  caused  by  the 
reduction  in  evaporation  rate  that  occurs  when  a  high  volatility  species,  which  will  be 
deposited  nearer  the  QCM  surface  because  it  is  outgassed  earlier,  has  to  diffuse  through  a 
lower  volatility  deposit  to  reach  the  free  surface.  Finally,  the  published  data  for  die  latent 
heat  of  1 -propanol  may  not  be  valid  in  this  temperature  regime.  Previous  experience 
suggests  that  the  most  probable  explanation  for  the  difference  between  the  characterisdcs  is 
a  combination  of  a  difference  in  PRT  and  crystal  temperatures  of  one  or  two  degrees, 
combined  with  a  reduced  evaporation  rate  due  to  diffusion  ejects. 

The  measured  data  for  the  198  K  species  have  been  plotted  on  an  expanded  scale  in 
Fig.  5-9(b).  These  data  have  more  scatter  than  the  1 -propanol  data,  but  are  still  clearly 
linear.  The  curve  fit  gives  a  slope  of  6513.3  K,  which  corresponds  to  a  latent  heat  of 
12,896  cals/mol.  Since  the  exact  nature  of  this  chemical  species  is  no.  known,  it  is  not 
possible  to  calculate  a  theoretical  curve  in  the  same  manner  as  for  the  1-propanol. 

The  slopes  of  the  evaporation  characteristics  cf  the  species  evaporating  near  238  K 
and  290  K  ate  much  lower  than  that  those  of  the  lower  temperature  species,  when  in  fact  it 
would  be  expected  that  these  sp>ecies  would  have  higher  molecular  weights  and  hence 
higher  latent  heats.  The  smaller  slopes  are  probably  the  result  of  the  evaporation  of  a  group 
of  species  with  a  range  of  molecular  weights  over  a  range  of  temperatures,  and  so  cannot 
be  used  to  determine  latent  heats.  The  log-linear  plot  is  thus  seen  to  be  useful  for 
determining  the  latent  heats  of  well  separated  species.  When  the  evaporation  tempti'anires 
are  not  well  separated,  the  log- linear  plot  is  of  I'-nited  value. 

5.2.1. 2.2  The  Linear-Linear  Plot 

Figure  5- 10(a)  shows  the  DTGA  data  on  a  linear-linear  plot  of  m,  vs  tcmperaiurc. 
This  plot  suppresses  the  noise  evident  in  the  log-linear  plot,  and  distinguishes  the 
evaporation  temperatures  of  the  different  species  in  a  much  more  dramatic  manner.  Also, 
the  linear  DQTGA  plot  reveals  the  evaporation  of  a  fifth  species  near  95  K.  which  is  not 
apparent  in  the  QTGA  plot  of  Fig.  5-6(a),  or  the  log-linear  DQTGA  plot  of  Fig.  5-8. 

To  enhance  clarity,  the  linear  DQTGA  data  have  been  smootherl  by  calculating  the 
average  evaporation  rate  over  time  intervals  of  several  minutes  rather  than  the  1  minute 
intervals  used  for  the  data  in  Figs.  5-8  and  5'!0(a).  Figures  5-lC(b),  5-1 1(a),  and  5-1 1(b) 
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Fig.  5-10  DifTcrcntial  QCT*i  Thermogravimctry  Data  for  Outgassing  Products 
Collected  on  the  90  K  QCM  from  R-?*^C0  at  125®C  (mq  verrus  T); 
Data  Averaged  Over  (a)  l-Minute  In'crvals  and  (b)  2'Minutc  Intcn-als. 
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Differential  QCM  Thcrmognivimctry  Data  for  Outgassing  Products 
Collected  on  the  90  K  QCM  from  R-2560  at  125°C  (01,  versus  T): 

Data  Averaged  Over  (a)  5-Mitiutc  Intervals  and  (b)  10-Minute  Intervals. 


are  plots  of  calculated  from  the  measured  fluency  changes  over  dme  intervals  of  2, 5. 

and  10  minutes,  respectively.  Averaging  over  progressively  longer  time  intervals  clearly 

further  smoothes  the  data,  but  conceals  more  and  more  of  the  One  structure  and  reduces  the 

absolute  magnitude  of  the  evaporation  rate.  For  the  lO-minute  interval,  the  evaporation 

peak  for  the  95  K  species  has  been  almost  entirely  suppressed.  The  figures  suggest  that, 

for  this  example,  an  averaging  interval  of  between  2  and  5  minutes  appears  to  strike  a 

reasonable  balance  between  smoothness  and  definidon.  ^ 

S.2.2  QCM  Thermal  Analysis  Plus  Mass  Spectrometry  (QTA/MS) 

The  QCM  thermal  analysis  plus  mass  spectrometry  (QTA/MS)  test  consists  of 
headng  the  QCM  in  a  controlleU  manner  and  measuring  the  mass  spectrum  of  the  * 

evaporating  species  at  1 -minute  intervals.  The  major  objective  of  the  QTA/MS  test  was  to 
separate  the  dinerent  components  in  the  outgossed  flux  and  to  tag  them  so  that  they  could 
be  tracked  during  the  isothermal  outgassing  test.  A  secondary  objective  was  to  identify  the 
species  chemically  using  their  mass  iragmentation  patterns. 

The  concept  of  QTA/MS  was  explored  in  a  preliminary  manner  in  Phase  n  of  tnis 
contract  using  single  species,  but  its  ability  to  analyze  the  more  complex  deposits  produced 
by  real  materials  with  multiple  outgassed  species  was  not  evaluated  at  that  time.  Since  the 
Phase  II  Extension  database  measurement  program  provides  the  furst  opportunity  to 
critically  examine  the  chromatographic  capability  of  QTA/MS  this  section  will,  therefore, 
assess  this  capability  as  well  as  present  the  data.  The  capability  will  be  judged  against  two 
criteria.  The  first  criterion  is  the  ability  to  separate  the  major  individual  outgassed  species 
sufficiently  for  their  ma.ss  fragmentation  patterns  and/or  unique  fragments  to  be  identified. 

The  second  criterion  is  its  ability  to  identify  the  individual  species  chemically,  which  will  be 
evaluated  by  comparing  the  QTA/MS  data  with  CCVMS  data. 

5.2.2.1  QTA/MS  Species  Separation  Capability 

The  mass  spectrometer  system  can  provide  several  types  of  data  output  in  both  tabular 
and  graphical  formats.  The  data  of  interest  to  the  present  tests  were  the  mass  spectra  over  a 
selecred  m/e  scan  range,  the  ion  count  for  each  m/e  value  in  this  range,  and  the  average  ion 
count  (AICO  at  each  point  in  time  during  the  QTA/MS  test.  Since  the  heating  rate  was 
constant  at  l®C/miii  the  QCM  temperature-time  relationship  is  linear,  so  the  mass 
spectrometer  data  can  be  plotted  inicrch.ongeably  as  functions  of  (JCM  temperature  or  time. 

In  this  section,  all  QTA/MS  data  arc  plotted  versus  QCM  temperature  to  facilitate 
comparison  witli  the  QTGA  data.  E''cn  though  the  mass  spectrometer  was  capable  of  a  m/e 
scan  range  of  2-1023,  the  scan  range  was  limited  to  10-500  in  the  isoihcnnal  outgassing 
tests  to  restrict  the  amount  of  data  to  be  handled.  This  same  m/c  scan  range  was,  therefore, 
also  used  during  QTA/MS. 
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The  average  ion  count  (AIC)  at  eacti  point  in  time  is  calculated  by  summing  the  total 
ion  count  (TIC)  in  a  mass  spectrum  taken  at  that  time  and  dividing  by  the  total  number  of 
mass  peaks.  The  AIC  and  the  TIC  are  thus  the  same  except  for  a  scaling  factor  equal  to  the 
number  of  mass  peaks  being  monitored.  A  plot  of  the  AIC  or  the  TIC  versus  time  or  QCM 
temperature  during  QCM  heating  constitutes  a  chromatogram,  analogous  to  chromatograms 
generated  by  other  techniques  such  as  GC/I.1S.  If  the  QTA/MS  is  able  to  separate  the 
species  adequately,  the  chromatogram  will  display  peaks  corresponding  to  the  evaporation 
of  discrete  species.  The  mass  spectra  corresponding  to  the  clu'oma.ogram  peaks  caii  be 
used  to  determirie  the  chemical  identity  of  the  species  evaporating  at  that  time. 

Figure  5-12  shows  the  QTA/MS  AIC  chromatogram  for  the  outgassing  products 
collected  from  R-2560  at  12S°C  ie  ordinate  of  the  chromatogram  has  been  normalized  to 
the  highest  AIC  value.  Since  the  evaporation  of  a  discrete  species  from  the  QCM  deposit 
should  be  indicated  by  a  peak  in  the  QTA/MS  chromatogram,  the  QTA/MS  chromatogram 
should  be  very  similar  in  form  to  the  DQTGA  plots.  Figs.  5-8  and  5-10.  Comparison  of 
the  DQTGA  and  AIC  plots  shows  that  the  AIC  plot  does  indeed  have  four  peaks 
corresponding  to  the  four  main  DQTGA  peaks  but  it  also  has  at  least  two  additional  peaks 
near  140  K  and  170  K  that  do  not  correspond  to  evaporation  of  mass  from  the  (JCM.  An 
analysis  of  the  data  presented  in  Section  5.2.2. 1.!  shows  that  the  140  K  and  170  K  peaks 
wer  ious  and  due  to  detection  of  species  evaporating  from  surfaces  other  than  the 
QCM  crystal.  The  spurious  AIC  peaks  from  the  238  K  and  290  K  species  groups  do  not 
appear  in  Fig.  5-12  because  they  coincide  with  the  real  peaks  at  198  K  and  238  K, 
respectively. 

Because  the  mass  spectrometer  may  detect  species  evaporating  from  more  than  one 
surface  at  more  than  one  temperature,  the  AIC  at  any  point  in  the  QTA/MS  scan  can  include 
contributions  from  more  than  one  species.  The  mass  fragment  ition  patterns  of  the  different 
species  in  the  deposit  on  the  QCM  could  thus  not  be  determined  by  simply  recording  the 
mass  spectra  corresponding  to  the  AIC  peaks,  and  the  more  intensive  manual  analysis 
described  in  Section  5.2.2. 1.2.  had  to  be  performed. 

5.2. 2. 1.1  Analysis  of  l^ie  Spurious  Peaks 

A  .more  detailed  analysis  of  the  QTA/MS  was  made  (O  confirm  that  the  additional 
peaks  in  the  AIC  chromatogram  were,  indeed,  spunous  and  to  find  a  way  to  work  around 
this  problem  in  analyzing  the  present  data.  In  the  G(7MS  tests  the  fragment  with  m/e=151 
was  detected  for  only  one  species  -  an  alkyl  silicate  -  and  this  species  was  one  of  the  most 
abundant.  This  species  could  therefore  be  expected  to  be  a  major  component  of  the 
ouigassed  species,  and  during  QTA/MS  the  f  .'"-nent  at  m/e=151  should  be  very  strong  and 
ideally  should  be  detected  only  once,  as  the  alxyl  silicate  evaporates  from  the  (JCM.  The 
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m/eslSl  fragment  was.  therefore,  used  to  analyze  the  spurious  peak  piublem  further. 

Figure  5-13  is  a  plot  of  the  QTA/MS  m/c=151  data  versus  temperature.  The  plot 
shows  two  distinct  peaks,  at  198  K  and  172  K,  so  the  ionizer  must  be  seeing  two 
evaporation  sources  for  species  with  a  ISl  fragment.  Comparison  of  Figs.  S-1 1(a)  and 
5-13  shows  that  the  198  K  peak  in  F'g.  5-13  corresponds  to  evaporation  of  a  major  species 
from  the  QCM,  whereas  the  172  K  peak  does  not.  It  is  concluded  therefore  that  the  198  K 
peak  is  due  to  species  evaporating  from  the  QCM  crystal  and  is  the  peak  of  interest  to  the 
test  method.  The  172  K  peak  is  due  to  detection  of  species  evaporating  from  odicr  surfaces 
of  the  apparatus  which  heat  up  as  the  QCM  is  heated  and  is,  theraforc,  spurious. 

Analysis  of  the  QTA/MS  peak  height  data  at  other  m/e  values  with  relatively  simple 
peak  panems  unambiguously  confirms  the  above  conclusions. 

The  spurious  m/c=151  peak  produced  by  evaporation  of  alkyl  silicate  from  surfaces 
other  than  the  QCM  crystal  occurs  when  these  surfaces  reach  198  K.  Figure  5-13  implies 
that  these  surfaces  reach  198  K  before  the  QCM  crystal  does.  Ibe  surfaces  whose 
temperatures  are  higher  than  the  QCM  crystal  temperature  during  transient  heating  uie  the 
electrical  leads,  the  heater  windings,  and  the  QCM  case.  The  major  spurious  evaporation 
source  is  probably  the  case  because  of  its  area  and  orientation.  It  is  noted  that  the 
temperature  separation  between  the  spurious  atid  real  peaks  on  the  QC.M  crystal  temperature 
scale  increases  as  the  QCM  temperature  increases.  This  is  because  the  heat  input  to  the 
QCM  heater  is  higher  at  higher  QCM  temperatures.  The  temperature  difference  between  the 
QCM  Cuse  on  which  the  heater  is  wound  and  the  QCM  crystal  must  also  oe  higher  at  higher 
temperatures  ir  order  to  conduct  this  higher  heat  flux  through  the  QCM. 

The  problem  of  the  dual  peaks  due  to  evaporation  from  the.  case  was  encountered  and 
addressed  in  Phase  11,  and  is  referenced  in  Section  2.3. 1.3.2.  At  that  time  ilte  problem  was 
eliminated  in  th ;  development  test  apparatus  by  placing  ar  apemire  plate  between  the  QCM 
and  the  mass  spectrometer  ionizer  so  that  the  ionizer  had  no  view  of  the  case  and  could  see 
only  the  QCM  measuring  crystal.  It  was  hoped  to  incorporate  this  feature  into  the  new 
apparatus  by  providing  apertured  shutters.  The  data  indicate  that  this  was  apparently  not  an 
effeaive  way  tO  incorporate  this  feature  in  the  new  apparatus. 

The  spurious  peak  in  Fig.  5-13  shows  several  smaller  associated  shoulders  which 
indicates  that  the  spurious  peak  is  due  to  species  evaporating  from  several  other  apparatus 
surfaces  besides  the  QCM  case.  These  surfaces  could  include  the  electrical  heater  and  other 
service  wiring. 

It  should  be  possible  to  eliminate  the  dual  peak  problem  entirely  by  using  a  QCM 
design  in  which  only  the  QCM  crystal  has  to  be  heated  during  QTA/M.S.  Tliis  feature  is 
now  available  commercially  in  units  such  as  the  QCM  Research,  Inc.  Mark  16.  As 
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noted  in  Section  3.2.1  a  Mark  16  QCM  has  been  purchased  and  will  be  added  to  the 
apparanis  in  the  near  future. 

5.2.2.1.2  Analysis  of  QTA/MS  Mass  Fragment  Data 

The  basic  QTA/MS  data  acquired  were  the  mass  spectra  for  m/e  values  from  10  to 
500  taken  at  one  degree  temperature  intervals  from  90  K  to  400  K.  This  creates  a  total  of 
about  152,000  data  points  per  test.  The  mass  spectrometer  software  can  provide  the  total 
mass  spectrum  at  each  temperature  step  or  the  variation  of  the  ion  count  for  each  m/e  value 
with  QCM  temperature.  All  data  can  be  provided  in  terms  of  acnial  ion  count  or  normalized 
as  a  percentage  of  the  highest  peak.  These  data  can  be  presented  in  either  graphical  or 
tabular  form.  The  software  can  determine  the  difference  between  a  measured  spectrum  and 
a  reference  spectrum.  This  capability  was  used  to  subtract  the  vacuum  chamber 
background  spectrum,  measured  immediately  before  starting  QTA/MS,  from  the  spectra 
measured  during  the  test. 

If  there  were  no  spurious  peaks  and  QTA/MS  were  able  to  separate  the  species 
adequately,  then  the  normalized  ion  counts  as  a  function  of  m/e,  i.e.,  a  mass  spectrum,  for 
a  temperature  in  the  test  coiresponding  to  a  peak  in  the  AlC  data,  Fig.  5-12,  would  be  the 
mass  fragmentation  pattern  for  the  species  responsible  for  that  peak.  In  this  case  the 
fragmenution  pattern  data  for  each  species  could  be  entered  directly  into  a  deconvoludon 
algorithm  to  resolve  the  outgassing  rates  of  each  species  from  the  total  isothermal 
outgassing  rate.  The  fragmentation  patterns  could  also  be  entered  directly  into  the 
computerized  NBS  library  to  identify  the  species.  It  was  not  possible  to  obtain  individual 
species  fragmentation  pattern  data  simply  by  printing  out  a  table  at  a  given  QCM 
temperature  because  the  spurious  peaks  discussed  earlier  excessively  confused  the  patterns 
at  a  given  temperanire.  The  body  of  QTA/MS  data  could,  theiefore,  not  be  analyzed  using 
tl  mass  spectrometer  system  software  and  the  data  analysis  had  to  be  made  manually. 

The  manual  analysis  began  by  printing  out  U.c  plots  of  ion  counts  versus  QCM 
temperature  for  all  m/e  values  between  10  and  500.  A  typical  plot  for  a  given  m/e  showed 
ion  count  peaks  corresponding  to  the  evaporation  of  each  species  which  had  a  mass 
fragment  at  that  m/e  value.  If  there  was  only  one  species  with  a  particular  m/e,  a  plot 
similar  to  Fig.  5-13  was  obtained.  If  there  was  a  small  number  of  species  with  the  m,'c 
value  a  plot  of  the  form  of  Fig.  5- 14(a)  was  obtained.  The  ion  count  for  m'e=91  in  Fig. 
S- 14(a)  reveals  several  distinct  species  as  well  as  their  associated  spurious  peaks.  If  a 
particular  m/c  value  was  common  to  many  species,  siich  as  m/e  =  73,  135,  and  147  for 
silicone  species,  the  plot  would  show  a  high  output  continuum  of  peaks  similar  to  Fig. 
5- 14(b).  For  many  m/c  values  there  were  no  associated  fragments  of  outgassed  species 
and  a  plot  similar  to  Fig.  5- 14(c)  for  m/e=245  showing  random  background  was  obtained. 
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Fig.  5*14  Mass  Spectrometer  Monitoring  During  QCM  ITicrmal  Analysis  nf  the 

Outgassing  Products  Collected  on  the  90  K  QCM  from  R-2i60  at  1 2f>®C. 
Plots  of  Ion  Counts  Versus  OCM  Temperature:  (a)  nVc®  91,  Com.-.wn 
to  a  Few  Species,  (b)  m/e=73,  Common  to  Many  Species,  (c)  in/e=  245, 
Present  in  No  St>ecies. 


The  tetnperaturcit  at  which  peaks  occur  in  an  ion  count  plot  for  a  given  ni/e 
corresponds  to  the  evaporation  of  specific  species  from  the  deposit  on  the  QCM.  Since  the 
number  of  species  is  finite,  all  the  peaks  in  the  ion  count  plots  for  all  m/e  values  should 
occur  at  specific  temperatures  corresponding  to  the  evaporation  of  one  or  other  of  these 
species.  The  QTA/MS  dau  can  thus  be  extracted  from  the  plots  and  placed  in  a  table  whose 
columns  correspond  to  specific  species,  identified  in  the  Hrst  instance  by  their  evaporation 
temperatures,  and  whose  rows  correspond  to  specific  m/e  values.  The  heights  of  tlie  ion 
count  peaks  in  the  plots  are  then  entered  into  tlie  table  at  the  location  corresponding  to  the 
ro/e  value  of  the  plot  and  the  QCM  temperanire  at  which  the  peak  appears. 

The  ion  count  peak  data  for  R-2560  were  extracted  from  the  plots  of  ion  count  versus 
temperature  and  entered  into  Table  5-2.  Section  5.2.2. 1.2.1  describes  how  the  number  of 
resolvable  species  listed  in  Table  5-2  was  determined.  Section  5.2.2. 1.2:2  describes  how 
the  table  was  completed. 

S.2.2.1.2.1  Resolvable  Species 

The  plots  of  ion  count  versus  QCM  temperature  for  all  m/e  values  from  10  to  500 
were  printed  ^ut.  The  plots  were  surveyed  manually  to  determine  the  approximate  number 
of  resolvable  species.  It  proved  to  be  possible  to  separate  species  with  evaporation 
temperatures  as  close  as  about  5  K  Separation  of  species  with  evaporation  characteristics 
closer  than  5  K  was  hampered  in  part  by  the  spurious  peak  problem  and  in  part  by  the  basic 
resolution  limitations  of  the  QTA/MS  technique.  It  was  concluded  that  distinguishable  ion 
count  peaks  could  be  found  at  about  20  different  temperature  locations,  each  of  which 
corresponded  to  the  evaporation  of  a  specific  species.  Some  of  these  species  were  not  very 
abundant,  and  it  proved  to  be  difficult  to  resolve  them  consistently,  so  the  number  of 
species  categories  was  finalized  at  15.  The  specific  evaporador  temperatures  at  which 
separable  species  could  be  identified  and  which  are  used  to  reference  these  species  are 
given  in  the  column  headings  in  Table  5-2. 

For  each  of  the  separable  species,  a  specific  m/e  plot  which  clearly  showed  the 
temperature  location  of  the  ion  count  peak  was  selected  as  a  reference.  The  selected 
reference  plots  are  shov/n  in  Figs.  5-15  through  5-29.  The  plots  have  all  been  normalized 
to  the  highest  peak. 

Figure  5-15  is  the  plot  for  m/e  equal  to  45,  which  was  used  to  locate  the  95  K 
species.  This  is  the  best  defined  of  all  the  reference  peaks.  There  is  no  spurious  peak 
associated  with  this  peak  because  it  occurs  right  at  the  beginning  of  heating,  at  which  time 
the  temperature  differentials  in  the  QCM  are  very  small. 

Figure  5-16  is  the  plot  for  m/e  equal  to  49,  which  was  used  to  locate  the  145  K 
species.  The  peak  i«  very  clean,  narrow,  and  well  defined,  and  suggests  that  it  may 
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Temperature  for  ta/e  ^  170,  Used  to  Locate  the  185  K  Species. 
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280i  Used  to  Lockte  the  210  K  Specks. 
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eventually  be  possible  to  resolve  species  with  evaporation  temperatures  us  close  as  one  or 
two  degrees  with  QTA/MS.  The  spurious  peak  is  also  very  clean,  which  suggests  that  it 
was  caused  mainly  by  a  single  spurious  source. 

Figure  5*17  is  the  plot  for  m/e  equal  to  18.  which  was  used  to  locate  die  150  K 
species.  The  peak  is  very  strong  and  reached  the  saturation  level  of  30120.  This  peak  is 
not  unique  to  the  150  K  species  since  there  is  also  a  small  peak  at  93  K. 

Figure  5*18  is  the  plot  for  the  m/e  equal  to  21,  which  was  used  to  locate  the  158  K 
species.  The  peak  also  includes  contributions  from  species  evaporating  at  about  ISO  K  and 
153  K.  The  presence  of  these  two  lesser  species  is  shown  more  clearly  in  the  shape  of  the 
spurious  peak. 

Figure  5*19  is  the  plot  for  rn/e  equal  to  161.  which  was  used  to  locate  the  170  K 
species.  The  main  peak  appears  to  include  contributions  from  the  spurious  peak  for  the 
198  K  speci*a.  as  well  as  two  species  at  about  168  K  and  161  K.  Again,  the  presence  of 
adjacent  species  is  more  evident  from  the  spurious  peaks  than  from  the  main  peaks. 

Figure  5*20  is  the  plot  for  m/e  equal  to  281,  which  was  used  to  locate  the  175  K 
species.  The  main  peak  includes  contributions  from  closely  adjacent  species.  Peaks  also 
appear  for  many  other  higher  temperature  species,  although  the  number  cannot  be  estimated 
because  of  the  spurious  peak  problem. 

Figure  5-21  is  a  plot  for  m/e  equal  to  170,  which  was  used  to  locate  the  185  K 
species.  This  is  a  relatively  weak  peak  and  it  appears  also  in  many  adjacent  and  higher 
temperature  species. 

Figure  5-22  is  a  plot  for  m/e  equal  to  64,  which  was  used  to  locate  the  198  K  species. 
This  is  a  very  clear  and  almost  unique  peak,  but  there  appears  to  be  significant 
contributions  from  closely  adjacent  species. 

Figure  5-23  is  a  plot  for  m/e  equal  to  280,  which  was  used  to  locate  the  210  K 
species.  This  is  a  vety  weak  peak  and  is  surrounded  by  a  relatively  high  background.  It  is 
noted  that  the  m/e  of  280  is  adjacent  to  the  m/e  of  28 1  which  was  used  to  locate  the  145  K 
peak  (Fig.  5*16). 

Figure  5-24  is  the  plot  for  nVe  equal  to  242,  which  was  used  to  locate  the  220  K 
peak.  The  270  K  peak  itself  is  very  clearly  defined  and  is  surrounded  by  peaks  from 
adjacent  species. 

Figure  5*25  is  the  plot  used  for  m/e  equal  to  327,  which  was  used  to  locate  the  230  K 
species.  The  230  K  species  appears  to  be  but  one  of  a  number  of  species  evaporating  in 
this  general  temperature  regime.  At  least  seven  shoulders  can  be  seen  on  the  main  peak, 
and  the  presence  of  other  species  can  be  seen  more  clearly  in  the  spurious  peaks. 

Figure  5*26  is  the  plot  for  m/e  equal  to  479,  v/hich  was  used  to  locate  the  238  K 
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peak.  The  main  peak  is  very  well  deHned  but  is  broad  and  charly  includes  several  adjacent 
species  as  well  as  the  238  V.  species. 

Figure  S-27  is  the  plui  for  m/e  equal  to  341,  which  wc:  used  to  locate  the  250  K 
species.  Although  the  2S0  K  peak  is  quite  distinct,  it  is  broau  and  includes  a  number  of 
adjacent  species. 

Figures  5-28  and  5*29  are  the  plots  for  m/e  equal  to  452  and  259,  respectively,  which 
were  used  to  locate  the  285  K  and  290  K  species,  respectively.  The  olots  aiv  very  similar 
in  shape,  in  that  they  have  a  ccnml  peak  but  also  show  a  significant  number  of  adjacent 
species.  In  this  temperature  regime,  there  are  cUarly  more  than  just  two  species,  but 
QTA/MS  is  not  able  to  resolve  them  and  they  must  be  lumprJ  in  wi‘h  the  285  K  and  290  K 
species. 

In  order  to  show  the  discrimination  capability  of  QTA/MS  more  graphically,  the 
major  peaks  from  Figs.  5*15  through  5-29  have  been  plotted  in  Figs.  5*30  and  5*31. 
Figure  5-30  is  a  superimposition  of  all  of  the  normalized  peaks  from  Figs.  5-15  through 
5-29  and  shews  the  ability  of  QTA/MS  to  identify  15  species  in  the  outgassed  products, 
whereas  only  four  major  species  groups  could  be  identified  by  the  QTGA  mass 
measurements.  It  is  possible  that  several  more  species  could  be  identified  from  the 
QTA/MS  data  with  more  intensive  analysis,  but  15  is  probably  already  more  than  can  be 
usefully  accounted  for  in  system  contanunation  modeling  studies. 

Figure  5-31  is  also  a  superimposition  of  the  peak  dau  from  Mgs.  5-15  through  5-29 
but  plotted  using  true  rather  than  normalized  peak  height  data.  Since  thus  plot  presents  only 
one  mass  peak  for  each  species,  it  does  not  give  a  reliable  quantitative  indication  of  the 
relative  amounts  of  each  species.  However,  it  does  show  quite  clearly  that  use  of  the  mass 
spectrometer  greatly  increases  the  ability  of  QTA  to  detect  species  with  very  low 
concentrations.  The  most  dramatic  example  in  Fig.  5-31  is  the  ability  to  separate  the  US 
K  species  from  the  150  K  species.  Using  the  mass-only  measurement  capability  of  QTOA 
alone,  the  evaporation  of  the  145  K  species  would  be  completely  masked  by  the 
r<niporation  of  the  159  K  species. 

5.2.2.1.2.2  QTA/MS  Peak  Height  Inventory 

The  entire  body  of  QTA/MS  data  was  analyzed  manually,  and  the  iort  count  peak 
height  data  were  entered  into  Table  5-2.  The  plots  of  ion  counts  versus  temperaMre  fot 
every  m/e  value  between  10  and  .500  were  co.Tipared  with  the  reference  plots.  Figs.  5-15 
through  5-29,  by  holding  them  up  to  the  light  In  more  than  98  percent  of  the  cases,  we 
found  that  the  peaks  could  fo  unambiguously  matched  with  one  of  the  reference 
tenqieratures.  Those  that  could  net  be  matched  were  confined  to  minor  species.  Tne  height 
of  the  peak  was  read  from  the  ordinate  and  was  entered  into  the  table  in  the  appropriate 
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temperature  column  and  m/e  row.  In  determining  ion  count  peak  heights,  the  two-peak 
phenomenon  was  noted  and  the  heights  were  recorded  only  for  the  higher  temperamre  of 
each  pair  of  peaks.  The  peak  heights  were  recorded  in  terms  of  ion  count. 

The  table  entries  fall  into  die  following  categories; 

(i)  If  there  was  a  clear  peak  in  the  m/e  versus  lemperature  plot,  the  peak  temperature 
location  was  correlated  with  one  of  the  species  identified  in  Figs.  S-IS  through 
3-29.  and  its  height  was  read  from  the  ordinate  and  entered  into  the  table  in  the 
appropriate  species  column  and  m/e  row. 

(ii)  If  the  ion  peak  height  was  less  than  twice  the  background  ana  the  signal  was 
small  (less  than  about  1(X)  ion  counts),  no  entry  was  made  in  the  table. 

(iii)  Certain  m/e  values  were'  common  to  a  homologous  series  of  materials  and 
although  the  signal  was  large,  the  ion  count  data  appealed  more  as  a  continuum 
with  temperature  rather  than  as  discrete  peaks  because  of  the  large  number  of 
species  with  these  fragments.  In  these  cases,  the  table  shows  the  same  peak 
height  for  the  entire  range  of  temperatures  for  which  this  phenomenon  occurred. 

(iv)  The  table  shows  many  entries  with  the  value  30120.  This  was  the  highest  value 
that  the  mass  spectrometer  could  indicate  before  saturating.  An  entry  of  this 
value  means  that  the  mass  spectrometer  was  saturated  and  that  the  true  ion  count 
was  higher  than  30120. 

The  mass  fractions  of  each  species  were  determined  by  adding  up  the  total  ion  count 
for  each  species  and  expressing  it  as  a  fraction  of  the  total  ion  count  for  all  species.  These 
fitictions  are  shown  at  the  bottom  of  Table  5-2.  These  numbers  are  not  quantitatively 
reliable  because  the  ion  counts  recorded  for  some  species  peaks  included  contributiens 
from  the  spurious  peaks  from  other  species  which  happen  to  coincide.  Also,  for  those 
species  which  saturated  the  mass  spectrometer,  the  recorded  ion  count  is  less  than  the  true 
ion  count.  Quantitative  interpretation  must  also  take  into  account  that  the  ionization 
constants  of  the  different  species  will  be  differen*. 

The  cumulative  total  of  the  mass  fraction  detected  by  the  mass  spectrometer  and 
calculated  from  the  ion  count  at  any  QCM  temperature  should  be  quantitatively  very  similar 
to  the  fraction  of  the  initial  QCM  deposit  that  has  evaporated  by  that  temperature. 
Ckjnsequently,  the  quantity  (1  ■  cumulative  ion  count  tot.il)  should  be  similar  to  the  QTGA 
plot.  Fig.  5-6(a),  which  shows  mass  fraction  remaining  on  the  QCM  as  a  function  of  QCM 
temperature.  The  quantity  (1  •  cumulative  ion  count  toial)  has  been  plotted  as  a  function  of 
QCM  temperature  in  Fig.  5-32.  It  docs  strongly  resemble  the  QTGA  plot,  with  the  notable 
exception  that  Fig.  5-6<a)  docs  not  show  the  presence  of  a  93  K  species.  The  95  K  species 
is  apparent  in  the  DQTGA  data  of  Fig.  5-10,  and  so  is  not  an  artifact  of  the  QTA/MS  data. 
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Inventory  of  Mass  Spectronteter  Ion  Count  Data 
from  the  QTA/MS  Test 
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Hg.  5>32  QCM  Thennal  Analysis  of  the  Outgassing  Products  Collected  on  the  90  K 
QCM  from  R«2S60  at  IZS^’C.  Fraction  of  Initial  QCM  Deposit  Remaining 
oo  the  QCM  as  Determined  form  the  Mass  Spectrometer  (1  •  Cumulative 
Total  Ion  Count)  Data  as  a  Function  of  QCM  Temperature. 
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The  general  qualiutive  agreement  between  Figs.  5*6(8)  and  5*32  provides  a  useful  check 
on  the  internal  consistency  of  the  data. 

Table  5*2  summarizes  all  of  the  information  contained  in  the  plots  of  490  m/e  values 
as  a  function  of  (^CM  temperature.  The  vertical  columns  are  the  best  estimate  of  the  mass 
fragmentation  patterns  of  each  of  the  separated  species  that  can  be  obtained  from  the 
QTA/MS  data  from  the  current  tests.  The  use  of  the  vertical  column  mass  nagmentadon 
pattern  data  to  identify  the  species  chemically  is  discussed  in  Secdon  S.2.2.2.  The 
horizontal  column  data  can  be  used  to  determine  m/c  values  that  are  unique  or  nearly  unique 
to  a  given  species.  The  use  of  these  unique  m/e  values  to  track  the  outgassing  of  that 
species  during  the  isotheimul  outgassing  test  is  exploi  :d  in  Secdon  5.3. 

5.2.2.2  Chemical  Identification  of  Outgassed  Species 

It  is  not  necessary  to  know  the  chemical  identity  of  the  outgassing  products  in  order 
to  noodel  the  contamination  environment  of  a  satellite  system,  so  chemical  identification  of 
the  outgassed  species  is  not  an  essential  part  of  tite  test  method.  However,  this  information 
is  clearly  desirable  'f  it  can  be  obtained  at  reasonable  cox  It  can  be  of  help  in  diagnosing 
sources  of  contaminarits  in  thermal  vacuum  tests  and  providing  insights  into  how 
outgassing  problems  could  be  minimized  by  changing  material  application  processes  such 
as  cure  cycles  time  and  temperature.  Also,  knowledge  of  the  chemical  family  to  which  a 
contaminant  belongs  gives  insiglit  into  its  piobab'e  inhrared  absoipUon  bands.  Hence,  one 
of  the  goals  of  this  test  method  was  to  obtain  as  much  chemical  identity  data  as  possible 
within  the  lesirictions  of  a  routine  test 

Since  the  (}TA/MS  technique  is  a  form  of  chromatography  it  is  possible,  in  principle, 
to  determine  the  chemical  identities  of  l  e  outgassed  species  by  entering  the  moss 
fnigmenution  pattern  data  measured  for  each  species  as  it  leaves  the  (2CM  into  a  mass 
fragmentation  panem  library.  However,  the  ability  of  QTA/MS  to  separate  species 
efficiently  had  not  been  demonstrated  by  the  beginning  of  tlie  Phase  II  Extension,  so  h  was 
decided  to  include  a  preliminary  GC/MS  test  as  part  of  the  test  method  to  support  the 
species  identification  task  and  help  evaluate  the  QTA/MS  technique.  To  this  end  Section 

5.2.2.2.1  analyzes  the  results  of  the  preliminary  CCVMS  tests.  Section  S.2.2.2.2  evaluates 
tiie  species  identification  capability  of  QTA/MS  by  comparing  its  performance  with  the 
GC/MS  data. 

5.2.2.2.1  Analysis  of  the  Gas  Chromatography/Mass  Spectrometry  Data 

5.2.2.2.1.1  Basic  GC/MS  Data  Output 

The  GC/MS  test  separates  the  individual  species  evolved  from  a  heated  materiel 
sample  by  collecting  them  in  a  liquid  nitrogen  trap,  passing  them  through  a  capillary 
column,  generating  a  chromatogram  by  detecting  the  emerging  species  with  a  mass 
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spectronneter,  and  identifying  the  species  by  comparing  the  measured  mass  fragmentation 
pattern  with  a  fragmenudon  pattern  library.  The  relative  amount;  of  each  species  in  the 
mixture  are  estiinated  using  the  total  ion  count  detected  for  each  species. 

Figures  S-33  and  5*34  show  GC/MS  chromatogramr  for  R-2560  samples  tested  at 
125'*C  and  200**C.  The  figures  are  plots  of  total  ion  count  detected  by  the  mass 
spectrometer  versus  the  time  at  which  a  species  was  detected.  Each  peak  in  the 
chromatogram  corresponds  to  dctecdon  of  a  specific  chemical  species. 

Species  are  identified  by  comparing  their  mass  spectra  measured  by  the  GCVMS 
system  with  a  standard  library  of  mass  fragmentation  patterns.  Mass  spectra  are  a  funedon 
of  the  instniment  as  well  as  the  species,  so  it  is  rarely  possible  to  obtain  a  perfect  match 
between  a  measured  spectrum  and  a  library  spectrum.  Because  of  this  uncertainty  the 
library  search  presents  a  number  of  possible  matches,  and  although  it  selects  a  preferred 
fint  choice,  the  final  idcndfication  is  made  by  an  experienced  onalydcal  chemist  For 
example.  Fig.  3-35  shows  the  mass  fragmenudon  pattern  detected  at  a  scan  dme  of  76S  s 
during  the  200**C  test,  while  Fig.  5*36  shows  the  library  search  dau  for  this  panero.  The 
upper  plot  is  the  fragmenudon  pattern  detected  during  the  test.  The  lower  three  patterns  are 
the  closest  three  riutches  selected  by  the  library  search,  presented  in  descending  order  of 
preference.  In  this  case,  the  search  has  identified  the  species  as  dodecancic  acid  and  the 
analytical  chemist  has  concurred. 

The  species  identified  by  GC/MS  are  listed  in  Tables  5*3  and  5-4.  The  chemical 
identifications  ore  given  exactly  as  provided  by  the  Analytical  Chemistry  Department  at 
Lockheed.  In  cases  where  identification  was  rfifficult,  the  ubles  indicate  only  the  family 
name,  such  as  phenyl  methyl  siloxane,  while  some  species  could  not  be  ideniL'ted  at  all. 

The  major  groups  of  volatile  species  identified  were  as  follows: 

(i)  Low  molecular  weight  species  such  as  1 -propanol,  benzene,  toluene,  hutine. 
and  xylene  which  may  be  present  as  solvents  or  as  reaction  by-products. 

(ii)  A  series  of  methyl  cyclosiloxanes  and  phenyl  methyl  siloxanes  homologues. 

(iii)  A  number  of  unidentified  species  which  appear  to  be  closely  related  to  the  linear 

and  cyclic  siloxanes  by  virtue  of  their  peaks  at  135,  and  147. 

(iv)  A  series  of  straight  chain  saturated  carboxylic  acids. 

(v)  A  number  of  minor  silicate  and  silicone  oddments. 

(vi)  A  major  alkyl  silicate  species  and  an  aromatic  acid  which  appear  in  the  200"C  test 
but  not  in  the  test. 

The  total  amount  of  each  species  in  the  collected  volatiles  is  roughly  proportional  to 
the  area  of  the  corresponding  peak  in  the  chromatogram.  The  GC/MS  system  calculates 
these  areas  and  determines  the  percenuges  of  each  species  found  in  the  total  collected 
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SCAN  TIME  (s) 


Fig.  5*34  GC/MS  Chromatogram  for  R-2S60  at  200°C  Normalized  Total  Icn  Count 
Versus  the  Scan  Tune  at  which  a  Species  was  Detected 
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Fig.  5*33  Mass  Fragmentation  Pattern  Obtained  During  tiie  GC/MS  Test  of  R-2560  at 
200*’C  Nokmalized  Ion  Counts  Versus  m/e  Value  for  the  Species  Detected 
at  Scan  *nnie  u  768  s. 
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volatiles.  The  percentages  of  each  species  and  the  time  in  the  scan  at  which  the  species  was 
detected  are  listed  in  Tables  5-3  and  5-4.  Although  the  GCVMS  data  reduction  system 
provides  these  data  to  two  decimal  place  precision,  the  experimental  measurements  are  not 
made  to  this  level  of  accuracy,  so  the  numbers  should  be  inteiprcted  quantitatively  with 
very  great  caudon. 

The  125”C  and  200*’C  tests  idendfied  24  and  30  species,  respecdvely.  In  the  125X 
test,  12  species  had  mass  fracdons  greater  than  1  percent,  and  6  species  were  present  in 
amounts  greater  than  2  percent  For  the  200*’C  tests,  the  equivalent  figures  were  15  species 
greater  than  1  percent  and  1 1  greater  than  2  percent  The  number  of  significant  species 
identified  by  GC/MS  was.  theicfore,  about  the  same  number  as  could  be  separated  using 
QTA/MS. 

5.2.2.2.1.2  GC/MS  Mass  Fragmentation  Pattern  Inventory 

One  way  to  evaluate  the  ability  of  QTA/MS  to  identify  the  individual  outgassed 
species  chemically  is  to  compare  the  QTA/MS  fragmentadon  pattern  data  with  reference 
data.  There  are  two  possible  fragmentadon  pattern  references  -  the  actual  fragmentadon 
patterns  measured  during  the  GC/MS  tests  and  the  NBS  library  patterns  which  were 
determined  to  be  the  best  match  to  the  measured  GC/MS  pattern.  If  the  idenddes  of  the 
outgassed  species  were  known  with  confidence,  the  NBS  library  would  be  the  preferred 
reference  because  it  is  an  accepted  standard.  However,  the  outgassed  species  are  in  the 
first  instance  unknown  chemically,  and  the  idendficadons  given  in  Tables  5-3  and  5-4 
could  be  wrong.  Although  the  GC/N  -measured  fragmentadon  patterns  were  obtained 
using  a  different  ionizer  than  that  used  in  the  outgassing  test,  they  are  by  deflridon  those  of 
the  voladle  species  in  R-2560  and  thus  have  been  selected  as  the  more  tellable  basis  for 
comparison. 

In  the  interest  cf  compactness,  the  fragmentadon  pattern  data  for  the  125'’C  and  200*’C 
tests  provided  by  the  GC/MS  test  for  each  species  in  the  form  of  plots  such  as  Fig.  5-35 
have  been  consolidated  in  Table  5-5.  The  list  of  species  includes  all  those  idendfied  in 
Tables  5-3  and  5-4.  Species  which  were  detect*^  in  both  the  125'’C  and  200*’C  tests  have 
been  listed  twice  to  show  the  degree  of  correlation  between  the  patterns.  Because  of  the 
large  amount  of  data  involved,  it  is  not  practical  to  enter  it  all  into  the  table,  so  the 
fragmentadon  pattern  data  have  been  summarized  as  follows: 

(i)  The  major  peak  is  listed  in  bold  type. 

(ii)  Peaks  greater  than  0.2  of  the  major  peak  are  listed  in  bold  italics. 

(ill)  Peaks  between  0.02  and  0.2  cf  the  major  peak  are  lisied  in  regular  type. 

(iv)  Peaks  less  than  0.02  of  the  major  peak  are  listed  in  regular  italics.  Howc'  cr,  not 
ail  peaks  in  this  category  have  been  listed  because  many  species  show  several 
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Table  S-3 

GC/MS  Data  for  R-2560  at  125«C 

Quantitation  Report 

SCAN  TIME 

AMOUNT  OF 

DETECTED  SPECIES  SPECIES  IDENT1FICATI0.'I 

(*c) 

(percent) 

73 

1.14 

CO3  artifact 

75 

220 

ciyi/ 

79 

0.24 

a-buttiie 

111 

44.40 

l-pio|unol  k  benzene 

222 

0.21 

toluene 

269 

0.74 

heumeihyl  cyclotriaiknane 

306 

0.31 

xylene  isctner 

410 

1.07 

octanethyl  rycbietrasilouiie 

527 

4.75 

Oecamethyl  cyclopentasUojume 

622 

14.38 

octant^  acid  k  dxlecanmhyl  cydohexuiknane 

730 

0.43 

dibutyl  dipropyl  silicate 

758 

1.61 

tssadecainethyl  cycloheptankwao 

821 

18.82 

d.xiecanoicacid 

848 

:.77 

hctflecameJiyl  cyclcorta.tiIox.iiif 

862 

0J8 

timilariododecanoic  xid 

S97 

0.39 

liioxane 

913 

OS* 

unspecified  tilirone  (alkyl  tilicaie^ 

933 

0.60 

octtdetuunetby'ryclononasiloxane 

964 

1.56 

utt^Mcifled  lUicore  (alkyl  or  «yl  lilica^T} 

1008 

OJO 

tiioxane 

1030 

3.61 

cosamethyl  cyclodecasilooune 

1076 

0.17 

1102 

1.27 

dooosanieUiyl  cycloundecatilozaiie 

1182 

0.21 

tetraMsameihyl  cyclododecasiloxane 

3  -  a 
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Table  5-4 

GC/MS  Data  for  R-2S60  at  200«C 

Quantitation  Report 

AMOUNT  OF 

• 

SCAN  TIME 

DETCCTED  SPECIES 

SPECIES  IDENTIRCA'nON 

(sec) 

(poceni) 

« 

69 

028 

C02ani(act 

75 

2.13 

n-buiane 

104 

24.77 

1 -propanol 

143 

2.04 

beium 

389 

0.71 

ocuuneihyl  eyclotetnsiloxane 

500 

2J9 

decamethyl  cyclopenusiloune 

521 

0J5 

liloxane 

550 

5.01 

octanoicaetd 

596 

3025 

alkyl  sili.aie  7 

657 

1X)5 

deonnicacid 

716 

0.93 

letradecafflethyl  cycloiiqicasiloxane 

768 

10.86 

dodermicacid 

806 

027 

hrjunr'  'ainediyl  cycloociasiloxans 

870 

223 

iraadecanoica^ 

919 

224 

phenyl  methyl  liloxane 

962 

0.72 

conmethyl  cyclodecasiloxanc 

980 

329 

phenyl  methyl  lUoxane 

1025 

027 

docosamethyl  cycloundecasiloxane 

1045 

027 

phenyl  methyl  liloxane 

1049 

126 

phenyl  methyl  liloxane 

1086 

020 

letraccaameihyl  cyclododecasiloxane 

1127 

IX)I 

phenyl  methyl  lUoxane 

1159 

027 

hexaroaamethyl  cyclotridficawiloxane 

1226 

1.10 

phenyl  methyl  liloxane 

1253 

0v40 

ocucoamethyl  cyclotetradecaiiloxane 

1354 

0.79 

phenyl  methyl  liloxane 

1382 

0.64 

triacoMinethyl  cyclopentadecasiloxane 

1484 

2.65 

MW  456  aromatic  acid 

1535 

028 

unknown 

1565 

0.44 

unknown 
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groups  of  peaks  separated  by  one  m/e  value,  especially  at  tait  values  less  than 
1 00.  Since  m/e  values  less  than  100  are  common  to  many  species,  minor  peaks 
in  this  range  are  of  little  value  in  identifying  a  species.  All  peaks  greater  than 
100  have  been  noted,  regardless  of  how  small  they  are. 

(v)  The  highest  m/e  value  given  on  each  GC/MS  plot  is  listed.  However,  die  range 
of  m/e  values  plotted  is  selected  by  the  GCyMS  test  operator,  and  in  some  cases 
the  m/e  range  has  been  truncated  because  the  peaks  at  higher  m/e  were  of 
negligible  height  in  the  context  of  the  GCVMS  test  Hence  the  highest  m/e  value 
listed  is  not  necessarily  the  highest  m/e  fragment  detected  during  GOMS. 

The  species  have  been  listed  in  order  of  the  scan  time  at  which  they  were  detected. 
While  this  time  has  no  quantitative  physical  meaning,  the  species  detected  at  earlier  scan 
times  arc  generally  more  volatile  than  those  detected  at  later  scan  times.  The  scan  time  is 
used  in  this  section  as  a  convenient  way  to  reference  the  species  in  later  discussions.  For 
example,  the  several  species  identified  as  phenyl  methyl  siloxanes  can  be  distinguished  by 
their  scan  time  of  detection.  e.g.  "phenyl  methyl  siloxaoe  1045  s”.  Note  that  there  is  a 
small  time  difference  between  the  scan  time  at  which  a  given  species  was  detected  in  the 
125*C  and  200*C  tests. 

5.2.2.2.1.3  Comparison  with  QTGA  Data 

The  scan  time  at  which  a  species  is  detected  during  GC/MS  is  the  time  that  the  species 
takes  to  pass  through  the  chromatograph  capillary  column.  This  transit  or  retention  time  is 
a  function  of  molecular  weight,  so  the  low  molecular  weight  species  are  detected  first  and 
the  higher  molecular  species  are  detected  later  in  the  scan.  There  is  a  tough  correlation 
between  molecular  weight  and  vapor  pressure,  . so  the  teroperarore  at  which  a  species 
evaporates  from  the  QCM  during  QTGA  is  also  a  function  of  its  molecular  weight  Hence 
the  order  in  which  species  ate  detected  in  the  GQMS  test  should  be  approximately  the  same 
as  the  order  in  which  they  evaporate  during  the  QTGA  test  Finally,  although  the  test 
conditions  are  different  there  should  also  be  a  rough  correlation  between  the  relative 
amounts  of  each  species  evolved  during  GOMS  and  during  an  outgassing  test  Because  of 
this  correlation  a  plot  of  mass  fiaction  retained  in  tlie  capillary  column  versus  GOMS  scan 
time  should  be  qualitatively  similar  to  a  QTGA  plot  of  FCM  versus  QC.M  temperature. 
Figures  5-37(a)  and  S-37(b)  arc  plots  of  the  retention  fraction  versus  scan  time  for  the 
125*C  and  200®C  GOMS  data  of  Tables  5-3  and  5-4,  respectively.  The  retention  fraction 
at  a  given  scan  time  was  calculated  by  summing  the  percentages  in  the  table  from  that  scan 
time  to  the  end  cf  the  test.  Comparison  of  Mgs.  5-37(a)  and  5-37(b)with  the  QTGA  plot  of 
Mg.  5-d(a)  shows  that  the  shapes  of  the  plots  are  qualiutively  very  similar.  The  200‘’C  plot 
has  the  strongest  resemblance,  suggesting  that  the  propertions  and  perhaps  types  of  species 
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Fraction  of  Collected  Volatile  Spedes  Remaining  in  GC/MS  Cclumn 
as  a  Function  of  Scan  Time  for  R-2560  at  (a)  125®C  and  (b)  200“C. 
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evolved  in  the  200*C  GC/MS  test  resemble  those  outgassed  in  vacuum  more  strongly  than 
those  evolved  in  the  125**C  GQMS  test. 

Figs.  S>37(a)  and  S‘37(b)  also  resemble  Fig.  5-32.  The  similarity  between  these 
three  types  of  plots  provides  another  usefid  check  on  the  intern  il  consistency  of  the  data. 

If  the  analogy  between  GC/MS  retention  time  and  FCM  is  valid,  then  the  chemical 
identity  of  some  of  the  major  species  can  be  estimated  by  comparison  of  the  two  figures. 
For  example,  by  inspecting  the  200**C  GC/MS  data,  the  species  evaporating  from  the  QnlM 
at  158  K  could  be  assumed  to  be  1-propanol,  which  appears  at  a  scan  time  of  104  s  in  tie 
GC/MS.  Similarly  the  major  species  evaporating  from  the  QCM  at  198  K  could  be 
assumed  to  be  the  alkyl  silicate  appearing  at  a  scan  time  of  596  s  in  the  GOMS.  These 
identifications  were  confirmed  by  mass  spectrometer  data  presented  later.  The  species 
evaporating  at  238  K  and  290  K  are  less  well  defined  and  are  more  difficult  to  identify  by 
analogy.  According  to  the  QTGA-GC/MS  analogy  the  major  species  in  the  238  K  group 
should  be  dodecanoic  acid,  appearing  at  a  scan  time  of  768  s.  However,  identification 
based  on  mass  spectrometer  data  suggests  that  the  238  K  species  is  cosamethyl 
cyclodecasiloxane.  The  290  K  group  of  species  is  probably  a  mixture  of  several  higher 
molecular  weight  species  listed  in  the  GC/MS  Tables  5-3  and  5-4, 

The  QTGA-GCVMS  analogy  is  not  perfect  for  the  125'*C  test  either.  The  ioendfication 
of  1-propanol  could  sdll  be  made,  but  the  alkyl  silicate  was  not  detected  in  the  125*C  test 
Based  on  the  analogy,  the  238  K  species  would  again  be  identified  as  dodecanoic  acid 
instead  of  cosamethyl  cyclodecasiloxane. 

5.2.2.2.2  Identiflcatioii  of  Outgassed  Species  Using  QTA/MS  Data 

Table  5-2  lists  the  mass  fragmentation  pattern  dau  for  each  of  the  species  separated 
by  QTA/MS.  If  the  separation  capability  of  QTA/MS  were  folly  developed,  then  these 
species  could  be  identified  automatically  by  comparing  them  direedy  with  the  standard  MBS 
fragmentation  pattern  library.  Because  the  separation  capability  is  not  fully  developed,  the 
identification  must  be  made  manually.  This  has  been  performed  by  comparing  the 
QTA/MS  fragmentation  data.  Table  5-2,  with  the  GC/MS  fragmentation  pattern  data.  Table 
5-.'*.  This  approach  was  taken  because  tlie/e  should  be  a  high  degree  of  commonality 
between  the  species  evolved  in  GC/MS  and  those  evolved  in  the  isothermal  outgassing  test, 
particularly  with  respect  to  the  most  abundant  species.  Also,  using  the  GC/MS  data  rather 
than  the  NBS  library  as  a  reference  required  making  a  smaller  number  of  comparisons, 
which  was  an  important  consideration  since  the  comparisons  were  made  manually. 

There  are  several  reasons  why  the  QTA/MS  fragmentation  patterns  may  not  match 
with  one  or  other  of  the  GC/MS  patterns: 

(i)  In  general,  different  mass  spectrometer  ionizers  will  produce  quantitatively  and 
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qualiudvdy  different  mass  fngmenation  patterns  for  the  specks.  Hence, 
differences  should  be  expected  between  the  QTA/MS  and  GC/MS  mas^ 
Eragmentation  patterns,  even  if  the  species  are  identical . 

(ii)  Because  of  the  different  test  conditions,  tlie  outgassing  test  may  evolve  species 
not  detected  by  GC/MS  and  vice  versa.  Indeed,  there  are  even  significant 
differences  between  the  species  evolved  in  the  12S**C  und  200^GCyMS  less. 
(iiO  The  QTA/MS  Bagmenudon  pattern  data  given  in  Table  5-2  for  a  particular 
species  may  not  in  fact  be  the  pattern  of  a  single  species,  for  one  of  the  following 
reasons: 

•  Because  QTA/MS  uses  a  single  evaporation  process  to  separate  species,  its 
temperature  separation  capability  has  limits.  Hence,  the  fragmentation  pattern 
nominrJly  assigned  to  a  single  species  evaporating  at  a  particular  QCM 
temperature  may  contain  fragments  from  a  slightly  mere  volatile  species 
which  has  not  completely  evaporated  at  that  temperature  or  fragments  from  a 
slightly  less  volatile  species  which  is  just  beginning  to  evaporate  at  that 
temperature. 

•  Many  species  form  azeotropes,  and.  as  a  result,  two  or  more  species  may 
evaporate  at  the  same  temperature.  Also,  small  amounts  of  less  volatile 
species  can  be  carried  away  from  the  QCM  at  a  Iowa  lorqierature  by  the 
evaporation  of  a  more  abundant,  more  volatile  species  in  which  they  are 
soluble. 

•  In  the  present  test,  the  presence  of  the  spurious  peaks  marfa  it  possible  to 
confuse  the  mass  speettometa  peaks  produced  by  evaporation  from  the 
QCM  crystal  with  peaks  produced  by  evaporation  from  the  QCM  case. 

The  following  section  identifies  each  of  the  species  listed  by  evaporation  temperature 
in  Table  5-2.  Each  of  the  above  issues  is  considered  in  making  these  identifications.  The 
identifications  are  summarized  in  Table  5-6.  In  Section  5.2.2.2.2.1  the  fragmentation 
patterns  produced  by  QTA/MS  and  GC/MS  are  conqjared  for  the  two  most  abundant,  best 
separated,  and  easily  identified  species.  In  Section  5.2.2.2.2.2  the  identities  of  the  less 
abundant  and  less  well  separated  species  are  estimated. 

5.2.2.2J.1  The  198  K  and  158  K  Species 

The  most  abundant  species  detected  by  QTA/MS  were  the  198  K  and  1 58  K  species. 
The  differential  QTGA  data.  Figs.  5-8, 5*10,  and  5-11,  indicate  that  these  two  species  are 
relatively  well  separated  from  other  species  by  QTA.  Tiie  ability  of  QTA/MS  to  identify 
species  is  fint  examined  for  these  ^vo  cases. 
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Tables-^ 

Idcntilkation  of  Spcdes  Detected  bjQni'A/MS 


The  198  K  Species:  Figures  5-38(s)  and  5*38(b)  show  the  nw  experimental  mass 
spectra  for  the  QTA/MS  test  at  198  K  end  the  20G**C  GC/MS  test  at  S96  s,  respeedvely. 
The  200**Cy596  s  GOMS  species  is  an  alkyl  silicate  The  matth  is  good  qualitatively  in  that 
the  ougor  peaks  occur  at  the  same  m/e  locations.  However,  the  quantitative  match  is 
poorer.  The  spectrum  Crom  the  GQMS  shows  fewer  major  praties,  while  the  heights  of  the 
minor  peaks  are  less  titan  20  pereent  of  the  itugor  peak.  The  degree  of  correlation  is 
sufficient  to  identify  the  198  K  species  as  an  alkyl  silicate.  However,  it  is  appropriate  to 
investigate  the  quantitative  differences  further. 

Because  cf  the  different  plot  formats,  the  QTA/MS  and  GC/MS  data  are  difficult  to 
compare  directly  and  so  the  data  have  been  extracted  fmm  Hg.  5-38  and  Tables  5*2  and  S*S 
and  have  been  entered  into  Table  5*7.  Table  5*7  gives  the  magnitude  of  the  12  largest 
QTA/MS  peaks  for  the  198  K  species  and  the  magnitude  of  the  GC/MS  peaks  greater  than 
10  percent  of  the  principle  peak  for  the  596  s  alkyl  silicate  species.  The  table  also  gives  the 
magnitude  of  the  GC/MS  peaks  corresponding  to  the  most  abundant  QTA/MS  peaks. 
Table  5*7  shows  that  the  two  spectra  are  qualitatively  very  sifflilar,  but  that  the  QTA/MS 
mass  spectrometer  system  does  not  resolve  the  m/e  peaks  as  precisely  as  does  tiie  GC/MS 
mass  spectrometer.  For  example,  in  the  QTA/MS  data  the  abundance  of  the  m/e«152  peak 
is  almost  tiie  same  as  the  151  peak,  while  in  the  GC/MS  data,  the  m/e«152  peak  is  only  10 
percent  of  the  151  peak. 

To  permit  a  better  comparison  of  the  two  spectra,  the  QTA/MS  spectrum  has  been 
modified  by  adding  the  ion  counts  from  the  poorly-resolved  adjacent  mass  peaks  at  m/e 
equal  to  62/63,  79/80,  151/152,  and  235/236  and  renormalizing  the  peak  heights.  The 
GC/MS  and  modified  QTA/MS  spectra  are  compared  in  Fig.  5-39.  The  three  major 
fragment  ion  peaks  occur  at  the  same  m/e  for  both  spectra.  With  the  exception  of  the 
m/e«27  and  30  peaks,  which  were  not  recorded  in  the  GC/MS  test,  the  13  major  peaks  of 
each  q;)ectrum  appear  at  the  same  m/e.  With  this  modification  to  the  QTA/MS  qiecinim  the 
two  spectra  now  agree  fairly  well  qualitatively. 

The  158  K  Species:  The  second  roost  abundant  species  is  the  158  K  species. 
Comparison  of  Tables  5-2  and  5*5  shows  that  the  138  K  peak  locations  coincide  exactly 
with  those  of  l-propanol  in  the  GC/MS  test.  However,  as  was  noted  for  the  alkyl  silicate 
above,  the  nuignitude  of  the  peaks  in  the  two  spectra  is  very  different  For  example,  the 
14, 15,  and  19  peaks  are  very  small  in  the  GC/MS  spectrum  but  are  major*peaks  in  the 
QTA/MS  spectrum.  However,  the  peak  heights  cannot  be  compared  quantitatively  because 
many  of  the  QTA/MS  peaks  are  samrared  at  30120. 

The  198  K  and  158  K  data  clearly  demonstrate  the  ability  of  QTA/MS  to  chemically 
identify  evolved  species,  at  least  for  the  most  abundant,  best  separated  species.  The 
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Fig.  5-38  Comparison  of  Mass  Spectra  Obtained  Ehiring  QTA/MS  of  the  Outgassing 
Products  from  R-2560  at  125®C  and  GC/KfS  of  the  R-2560  at  200'’C, 

(a)  QTA/MS  Mass  Spectrum  of  Evaporating  Rux  at  a  QCM  Temperature  of 
198  K  and  (bl  GCyMS  Mass  Spectrum  for  Alkyl  Silicate  at  Scan  «  596  s. 
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Table  5-7 

Comparison  of  QTA/MS  Mass  Spectrum  at  198  K 
and  GC/MS  Spectrum  for  Alkyl  Silicate 


Mass/Chaige 

m/e 

Alkyl  Silicate  Spectrum  by 
GC^dS*  Peaks  >  10  pendent 

QTA/MS  Specuum 
•  12  Largest  Peaks 

Modified  QTA/MS 
Spectnifflt 

27 

• 

612 

30 

63.1 

41 

9 

513 

29 

43 

14 

592 

30 

62 

1 

66.4 

0 

63 

17 

64.9 

666 

79 

100 

98.1 

966 

80 

6 

936 

0 

83 

12 

15.2 

7.7 

93 

19 

276 

13.7 

103 

10 

17.7 

96 

121 

27 

426 

226 

133 

11 

306 

156 

ISl 

44 

95.7 

926 

132 

4 

87.1 

0 

177 

14 

366 

186 

193 

14 

556 

286 

233 

37 

97.7 

100 

236 

6 

100 

0 

t  Baoentaget  fitom  adjacent  peaks  62/63, 79/80,131/152, 233/236  have  been  added,  totals  have  been 
assigned  to  predominant  mass  number  in  GC/MS  speemun,  and  spectrum  has  been  renonnalizad. 


RELATIVE  ABUNDANCE  (Percent) 


I 


41  43  63  79  13  93  105  121  133  151  177  193  233 

MASS  NUMBER  (nVc) 


Fig.  5*39  Comparison  of  Mass  Spectra  Obtained  During  QTA/MS  of  the  Outgassing 

Products  from  R-2560  at  I25®C  and  GC/MS  of  the  R-2560  at  200^0. 
CyrA/MS  Mass  Spectrum  of  Evaporating  Flux  at  a  cy^M  Temperature  of 
198  K  and  GC/MS  Mass  Spectrum  for  Alkyl  Silicate  at  Scan  =  596  s. 
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l-propanol  tratchup  is  veiy  good  qualitatively,  and  if  the  tnas^  spectrometer  gain  had  been 
reduced  so  that  th :  system  had  not  saturated,  the  spectrum  would  probably  have  been  good 
enough  to  have  obtained  this  identification  from  a  standard  library.  The  alky!  silicate 
matchup  is  a  better  example  of  the  capability  of  QTA/MS  because  the  spectrum  is  more 
conqilex.  It  is  concluded  from  tliese  two  examples  that  the  capability  of  the  QTA/MS  test  to 
separate  and  identify  species  has  been  demonsaated  in  principle. 

5.2.2.2.2.2  The  Less  Abundant  Species 

This  section  proposes  chemical  identities  fer  the  less  abundant  QTA/MS  species  by 
comparing  the  QTA/MS  mass  fragmentation  patterns  from  Table  S-2  with  the  chemically 
identified  GC/MS  mass  fragmentation  patterns  in  Table  5-S. 

95  K:  Ion  count  peaks  at  m/e- 12- 18, 27-33.  and  43-48  suggest  that  this  species  peak 
is  due  primarily  to  atmosphenc  gases.  These  may  be  absorbed  in  the  sample  or  an  artifact 
of  the  inidai  effusion  cell  insertion  into  the  main  chamber.  Since  the  auxiliary  chamber  is  at 
a  higher  pressure  when  the  isolation  valve  is  opened  at  the  beginning  of  the  isothermal 
outgassing  test,  some  residual  atmospheric  gases  will  pass  into  the  main  chamber. 

145  K:  Ion  count  peaks  at  tn/e-89, 91,  and  92  and  the  mid-40s  suggest  toluene.  Peaks 
in  the  high  70s  and  low  50s  suggest  benzene.  The  evaporation  temperature  is  consistent 
with  the  vapor  pressure  .■  :he$e  species.  There  are  additional  ion  peaks  for  this 
temperature  at  in/eal03  '  jid  133  which  do  not  correlate  with  any  species  uith  a 
volatility  higii  enough  to  evaporate  at  this  temperature.  These  three  peaks  appear 
individually  in  the  spectra  of  all  the  methyl  cyclositoxanes,  hut  appear  together  only  in 
hexamethyl  cyclotrisiloxane  and  octamethyl  cycloietrasiloxane.  Since  many  siloxancs  are 
soluble  in  toluenr,  it  is  suggested  that  the  145  K  species  is  a  mixture  of  toluene  and 
benzene,  with  fragments  of  a  higher  molecular  weight  species  such  as  one  of  the  smaller 
methyl  cycIosUoxanes  appearing  because  of  a  carry-over  effect. 

150  K:  Because  of  the  value  of  the  evaporation  temperature,  the  major  ion  peaks  at 
m/eal  8  and  19,  and  absence  of  any  other  peaks,  this  species  appears  to  be  water. 

158  K:  This  species  was  identified  as  l-propanol  in  the  previous  section. 

170  K:  This  species  is  identified  as  hexamethyl  cyclotrisiloxane  mainly  on  the  basts  of 
the  ion  peak  at  m/e=207,  which  is  the  (M-15)  peak.  Other  confirming  matches  occur  at 
m/c-208-209.  176,  161-163, 147, 133,  117-119,  89, 75-78,  and  73. 

175  K:  There  are  few  ion  peaks  suitable  for  identifying  this  species  It  is  believed  to  be 
octamethyl  cyclotctrasiloxanc  on  the  basis  of  the  peak  at  nv'ee281,  which  is  the  (M-15) 
peak. 

185  K;  There  are  few  icn  peaks  suitable  for  identifying  this  species.  It  is  believed  to  be 
decamethyl  cyrlopcntasiloxanc  on  the  basis  of  the  peak  at  nv'c=355,  which  is  the  (M-15) 
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peak.  There  is  also  a  match  at  m/e^MO. 

198  K:  This  species  was  identified  as  an  alkyl  silicate  in  the  previous  section. 

210  K:  This  species  cannot  be  identified  with  any  confidence.  lu  most  distinct  peaks 
occur  at  m/es279*280  and  no  GCTMS-identified  species  has  a  peak  at  these  values. 

220  K:  This  species  matches  with  the  "similar  to  dodecanoic  acid"  862  s  GCVMS  species 
on  the  basis  of  peaks  at  m/e«102,  IIS,  171,  183.  and  201.  It  has  a  prominent  peak  at 
m/e«242  which  was  used  to  locate  the  species.  However,  no  m/es242  peak  was  found  for 
any  of  the  species  detected  in  GC/MS. 

230  K:  This  species  matches  with  the  "unspecified  silicone  (alkyl  or  aryl)"  964  $ 
GC/MS  species.  The  match  is  based  on  peaks  at  m/e=327,  343,  and  405. 

238  K:  This  species  appears  to  be  a  mixture  of  several  species.  Table  S-S  gives  the 
mass  fragmentation  patterns  for  cosamethyl  cyclodrcasiloxanc  as  determined  in  both  the 
12S*’C  and  200^C  GC/MS  tests.  The  patterns  for  the  two  test  temperatures  are  slightly 
different,  and  the  200°C  pattern  has  been  truncated.  If  these  patterns  have  been  conectly 
identified  and  are  taken  together,  then  most  of  the  238  K  species  can  be  identified  as 
cosamethyl  cyclodecasiloxane.  However,  some  important  peaks  such  as  nri/e>494, 403, 
392,  387,  and  156  cannot  be  associated  with  cosamethyl  cyclodecasiloxane  based  cn  the 
the  GC/MS  data  of  Table  5-5.  Of  these,  the  w/e*‘392  and  494  peaks  do  not  appear  in  any 
GC/MS  patterns,  while  the  m/es403  peak  appears  in  GC/MS  at  1049  s  and  1102$,  and  the 
m/e«156  peak  appears  in  GC/MS  at  919  s,  964  $,  and  1008  $.  It  is  suggested  that  the  238 
K  species  is  predominantly  cosamethyl  cyclodecasiloxane,  but  may  also  include  some  919 
$  and  1049  s  phenyl  methyl  siloxanes.  These  latter  tv/o  species  are  suggested  because  of 
their  higher  abundance  in  the  GC/MS  test  and  their  higher  volatility  than  the  1049  s,  1 102 
s.  and  1008  s  GC/MS  species. 

250  K:  On  the  basis  of  matches  at  m/e«341, 403,  and  491  this  species  matches  with  the 
GC/MS  1102  s  species,  which  was  identified  as  docosamethyl  cycloundecasiloxane. 
However,  the  fragmentation  pattern  does  not  match  that  of  the  GC/MS  1025  s  species 
which  was  also  identified  as  docosamethyl  cycloundecasiloxane. 

285  K:  Most  of  the  fragments  from  this  species  are  common  to  a  number  cf  other 
species  and  so  cannot  be  used  for  identification.  The  unique  fragments  are  in  the  m/e  range 
of  372-378  (maximum  at  nve=373)  and  451-455  (maximum  at  m/e=452).  Since  no  peaks 
were  found  in  this  ran^e  for  any  of  the  species  evolved  in  the  GC/MS  tests  this  species 
cannot  be  identified. 

290  K:  The  fragmentation  pattern  for  this  species  matches  very  well  with  the  pattern  for 
the  aromatic  acid  detected  by  GC/MS  at  1484  s. 
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5.3  OUTGASSING  RATES  OF  INDIVIDUAL  SPECIES 

In  this  section  the  mass  spectrometer  data  obtained  for  the  mixed  outgassing  flux 
during  the  isothermal  outgassing  test  are  analyzed  and  processed  to  determine  the 
outgassing  rates  of  the  individual  outgassed  species.  The  data  analysis  procedure  originally 
proposed  in  this  program  (see  Fig.  2-2)  called  for  determining  the  individual  species 
outgassing  rates  from  the  mass  spectra  of  the  mixed  outgassing  flux  using  individual 
species  mass  fragmentation  pattern  data  measured  by  QTA/MS  and  a  deconvolution 
algorithm.  As  noted  in  Section  S.2.2,  the  QTA/MS  technique  was  not  able  to  provide  the 
individual  species  mass  spectra  in  a  sufficiently  refined  fomi  to  enable  the  analysis  to  be 
completed  in  the  proposed  manner.  Also,  the  mass  specoometer  dau  did  not  have  enough 
dynamic  range  to  be  qualitatively  accurate.  However,  it  was  possible  to  work  around  these 
difficulties  and  determine  the  individual  species  outgassing  rates  by  an  itltemative  method. 
This  section  begins  by  discussing  some  fundamental  aspects  of  the  measured  mass 
spectrometer  data  in  Section  3.3.1.  The  procedure  for  determining  the  outgassing  rates  of 
the  individual  species  from  the  mass  spectrometer  data  is  then  presented  in  Section  5.3.2. 

5.3.1  Mass  Spectrometer  Data  •  Basic  Cunsiderations 

5.3.1.1  Data  Acquisition  and  Output 

During  the  isothermal  test,  the  mass  spectrometer  monitored  the  outgassing  flux  by 
scanning  the  m/e  range  of  10  to  300  at  .3-minute  intervals  and  recording  the  ion  count  at 
each  tn/e  value.  Although  the  mass  spectrometer  has  an  available  m/e  range  of  2  to  1023, 
the  measurement  range  was  truncated  at  300  to  reduce  the  amount  of  data  to  be  handled. 
This  range  is  generally  adequate  for  chemically  identifying  most  of  the  outgassed  species, 
since  the  most  abundant  fragments  usually  occur  within  thi.s  m/e  rmge.  However,  the 
major  fragment  of  homologous  series  of  species  such  as  the  methyl  cyclosiloxancs  often 
occur  at  the  same  m/e  location  as  many  other  members  of  the  seiies,  in  which  case  the 
major  fragments  are  useless  for  tracking  the  behavior  of  a  particular  member  of  the  series. 
Fortunately  we  found  that  miny  of  the  members  of  homologous  series  had  minor  but 
clearly  unique  flagments  at  m^e  values  higher  than  it;/e  <■  200  and  all  the  way  up  to  m/e  ■ 
300,  and  these  fragments  were  heavily  depended  on  for  tracking  and  identifying  the 
species.  It  is  highly  likely  that  additional  unique  fragments  for  the  higher  molecular  weight 
species  could  have  been  found  at  m/e  values  above  500.  We,  therefore,  later  regretted  that 
the  data  truncation  had  been  made  at  m/e  »  300  and  it  is  planned  to  use  an  m/e  range  up  to 
at  least  70C  in  future  testing. 

A  basic  limitation  of  the  present  data  is  saturation  of  the  mass  spectrometer 
electrometer  at  early  test  times.  The  electrometer  has  aii  upper  limit  to  its  capacity  to 
measure  ion  count.  When  the  in  count  exceeds  this  capacity,  the  elecaometer  output  docs 
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not  respond  funher,  t^nd  instead  indicates  a  constant  maximum  reading.  The  mass 
spectrometer  electrometer  range  can  be  adjusted  down  or  up.  either  to  accommodate  the 
high  outgassing  rates  of  the  nuyor  species  at  the  beginning  of  the  test  without  sanirating,  or 
to  detect  the  low  outgassing  rates  of  minor  species  at  longer  test  times,  respectively. 
However,  with  the  present  mass  spectrometer  system  the  electrometer  range  cannot  be 
automatically  changed  during  a  test.  Changing  the  electrometer  setting  would  require 
stopping  data  collection,  manually  changing  the  electrometer  range,  ano  then  resuming  data 
acquisition  with  a  new  data  file.  While  this  requires  only  a  few  seconds  to  accoo^lish.  the 
post-test  correladon  of  the  dau  from  multiple  files  with  different  electrometer  ranges  is  too 
tedious  to  be  included  in  an  already  too  complex  data  reduction  procedure.  A  single 
electrometer  setdng  must  therefore  be  used  for  the  entire  test  and  in  selecting  this  setting,  a 
trade-off  must  be  made  between  loss  of  early  time  data  because  of  sanm.:‘on  and  loss  of 
later  time  data  because  of  low  signal  to  noise  rado.  We  decided  in  the  present  tests  to  risk 
sacrificing  some  of  the  early-dme  high  ion  count  data  for  some  m/e  values  in  order  to  be 
sure  of  detecung  the  lower  ion  counts  at  longer  test  dmes.  The  same  electrometer  range 
setdng  was  used  fer  both  the  isothermal  outgassing  test  and  QTA/MS  phases  of  the  material 
sample  test,  for  all  materials.  At  this  setting,  saturation  occurred  at  an  ion  count  of  30120. 

The  primary  experimental  mass  spectrometer  data  acquired  were  the  mars  spectra  for 
m/e  from  10  to  500  at  S-minute  intervals  Uiroughout  the  test.  The  mass  spectrometer 
software  provides  the  total  mass  spectrum  at  each  point  in  dme  and  the  variation  of  the  ion 
count  for  each  m/e  value  with  time.  All  data  can  be  provided  in  terms  of  actual  ion  court  or 
as  a  percentage  of  the  highest  peak  in  graphical  or  tabular  form.  The  vacuum  chamber 
background  spectrum,  measured  immediately  before  insertion  of  the  test  sample,  can  be 
subtracted  from  the  spectra  measured  during  the  outgassing  test  to  give  the  true  oontrihudon 
of  the  outgassing  species. 

5J.1.2  Typical  Raw  Output  Data 

Figures  5-40  and  5-41  show  examples  of  ion  count  data  versus  dme  for  various 
typical  low  and  high  m/e  values,  respectively,  before  subtraction  of  the  empty  chamber 
background.  All  of  the  plots  show  an  initially  high  outgassing  rate  followed  by  a  decline  to 
a  lower  rate,  which  is  characteristic  of  all  types  of  outgassing  mechanisms.  Also,  all  of  the 
plots  show  considerable  fine  structure,  including  several  maxima  and  minima  in  the  Hrst  5 
hours  which  are  discussed  in  more  detail  in  Section  5.3. 1. 3.  Some  of  the  plots  for  the 
higher  molecular  weight  species  also  show  a  slight  increase  in  rate  at  lo.nger  evacuation 
dmes.  This  clearly  cannot  be  explained  by  a  simple  deplcdon  mechanism  and  may  be  due 
to  the  production  of  additional  volatile  components  during  the  test  as  a  result  of  continued 
curing  of  the  sample. 
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Fig.  5-40  Mass  Spectrometer  Monitoring  During  the  Isothermal  Outgassing  Test  on 
R-2560  at  125®C.  Plots  of  Ion  Counts  Versus  Time  for  Low  m/c  Values: 
(a)  nVc  =  18,  (b)  nv'e  »  35,  and  (c)  m/c  =  73. 


Hguit  S*40(a)  shows  the  data  for  the  ra/c  18  firegment,  which  wu  oaique  to  water. 
The  »"*«  q)ectiometer  is  saturated  at  early  tunes  but  the  count  falls  very  rapidly  to  a  fidily 
constant  value.  Later,  this  secdon  shows  that  when  the  pre-test  main  chamber  water 
background  is  subtracted,  the  net  water  ion  count  is  zero  after  a  few  hours  of  outgassing. 

Figure  S-40(b)  shows  the  data  for  m/e  of  35  which  was  unique  to  l-pixqMnoL  It 
shows  that  this  species  was  almost  completely  outgassed  within  the  first  5  hours. 

lugure  5-40(c)  shows  the  plot  for  m/e  equal  to  73.  This  fragment  is  common  to  all 
siloxanes  and  was  significant  throughout  the  test  The  siloxanes  have  reladvely  high 
molecular  weights  and  hence  lower  diffusion  coefficients,  and  so  they  outgas  mote  slowly 
and  over  longer  duradons  than  water  and  1 -propanol.  As  a  result  the  initial  peak  is  less 
pronounced  and  the  ion  count  falls  more  slowly  with  test  dme.  The  increasing  peak  height 
in  the  latter  half  of  the  test  was  observed  in  a  large  number  of  the  higher  molecular  weight 
fragments  and,  as  was  previously  mendoned,  is  believed  to  be  the  result  of  continuing 
curing  of  the  test  sample  at  the  elevated  test  temperature  of  ITS'^C 

Figures  5-41(a),  fb).  and  (c)  show  the  dme  variadon  of  the  m/e"lSl.  481,  and  4S1 
fragments,  which  were  unique  to  the  198  K  alkyl  silicate  species,  the  238  K.  and  the  285  K 
q)ecies,  respeedvely.  These  plots  show  the  gradual  modiftcadon  of  the  basic  outgassing 
characterisdc  towards  smaller  inidal  peaks  and  slower  rate  of  decline  with  dme  as  the 
molecular  weight  of  the  parent  species  becomes  larger. 

5J.1.3  Correlation  of  Mass  Spectrometer  and  Mass  Loss  Data 

Rgure  5-42  shows  the  normalized  average  ion  count  (AlC)  data  as  a  funedon  of  test 
dme.  The  data  show  a  major  peak  shortly  after  the  effusion  cell  is  inserted  into  the  main 
chamber,  followed  by  several  other  peaks  and  valleys  in  the  zero  to  5-hour  tune  period.  At 
later  times,  the  curve  is  fairly  regular,  with  the  exception  that  the  AIC  increases  towards  the 
end  of  the  test  AIC  is  a  funedon  of  the  total  outgassing  flux,  and  the  ratio  of  AIC  to  the 
total  outgassing  rate  (TOGR)  should  depend  only  on  the  mass  spectrometer  electron 
multiplier  gain  and  the  average  ionization  constant  of  the  outgassed  species.  Since 
experience  has  shown  that  the  multiplier  gain  remains  constant  over  periods  of  several 
days,  the  ratio  of  AIC  to  TOGR  should  vary  only  with  the  average  ionization  constant 
Figures  5-43(a)  and  5-43(b)  present  a  comparison  of  the  time  dependence  of  TOGR 
and  AIC  data.  The  TOGR  and  AIC  data  were  extracted  directly  from  Figs.  5-l(b)  arul 
5-42,  respectively.  The  very  short  duration  AIC  peak  which  occurs  right  at  the  beginning 
of  the  test  was  excluded  from  the  plots  and  is  discussed  later  in  this  section.  The  ordinate 
units  in  Figs.  5-43(a)  and  5-43(b)  are  arbitrary  and  have  been  adjusted  to  permit  making  a 
simple  visual  comparison  of  the  AIC  and  TOGR  on  the  same  graph. 

Figure  5-43(a)  shows  AIC  and  TOGR  for  the  frrst  10  hours  of  the  test  The  plots  are 
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Fig.  5-43 


Comparison  of  Average  Ion  Count  (AIC)  and  Total  Outgassing  Rate 
(TCXjR)  as  a  Function  of  Time  During  Isothermal  Outgassing  of  R-2560 
at  125®C;  (a)  First  Ten  Hours  of  the  Test  and  (b)  Full  Test  Duration, 


qualitatively  very  sunilar  in  fonn.  Both  the  TOOK  and  AIC  data  show  peaks  and  valleys  in 
the  first  5  hours  occurring  at  tlie  same  points  in  time.  The  coincidence  cf  these  peaks  and 
valleys  confirms  that  the  twin  peak  effect  observed  in  Fig.  S*l(b)  is  real  and  not  an  artifact 
of  die  QCM  mass  measurement  system  The  first  peak  is  probably  due  to  release  of  volatile 
species  present  in  the  sample  prior  to  the  test,  while  the  second  peek  may  be  due  to 
additional  curing  of  the  sample  as  it  was  heated  to  the  125^C  test  temperature. 

A  quantiuitive  comparison  of  the  TOGR  and  AIC  curves  indicates  that  the  AIC  is 
relatively  lower  than  the  TOGR  during  the  first  5  hours  of  the  test,  after  which  the  two 
curves  appear  to  track  each  other  very  closely.  The  relatively  lower  values  of  AIC  in  the 
first  S  hours  is  a  consequence  of  the  saturation  of  the  mass  spectrometer  for  many  m/e 
values  during  this  time  period.  When  saturation  occurs  the  ion  count  number  used  by  the 
mass  spectrometer  data  reduction  system  to  calculate  the  AIC  will  be  systematically  bwer 
than  the  true  value.  The  ion  count  data  presented  later  in  Table  5*8  show  that  the  ion  counts 
for  most  ta/e  values  fall  below  the  saturation  level  after  about  5  hours.  After  this  time  the 
AIC  does  begin  to  track  the  TOGR  accurately  as  shown. 

Figure  543(b)  shows  the  AIC  and  TCXjR  data  for  the  entire  test  duration.  The  AIC 
tracks  the  TOGR  fairly  closely  after  the  first  S  hours,  indicating  that  the  AIC  is  a  good 
quantitative  indicator  of  mass  loss  rates.  The  AIC  curve  does  fall  slightly  relative  to  the 
TOGR  curve  as  the  test  proceeds,  possibly  due  to  a  slight  decrease  in  the  average  bnization 
constant  of  the  mixed  outgassing  flux  with  time. 

The  initial  high  but  brief  peak  observed  in  the  outgassing  rate  data.  Fig.  5*l(b).  and 
the  AIC  data.  Fig.  5*42,  occurs  immediately  following  the  opening  of  the  isolation  valve 
for  insertion  of  the  test  sample.  This  peak  is  most  probably  due  to  the  detection  of  residual 
atmospheric  gases  from  the  auxiliary  chamber,  whose  pressure  had  not  been  reduced  to  the 
the  level  of  the  main  test  chamber  at  the  time  of  insertion.  It  is  less  likely  to  be  due  to 
species  desorbed  from  the  surface  of  the  sample,  effusion  cell,  or  auxilia^^  chamber  since 
the  auxiliary  chamber  had  been  pumped  on  for  5  minutes  before  sample  insertion,  and  most 
of  the  adsorbed  atmospheric  species  would  have  been  removed  by  this  time. 

5.3.2  Outgassing  Rates  of  Individual  Species 

The  outgassing  rates  of  the  individual  species  were  determined  using  the  following 
four  manual  data  reduction  steps; 

(i)  The  entire  body  of  mass  spectrometer  ion  peak  height  data  was  entered  manually 
into  a  computerized  database. 

(U)  Ions  for  tracking  the  behavior  of  each  of  the  outgassed  species  were  selected 
using  the  QTA/MS  data  of  Section  S.2. 

(iii)  The  time  dependence  of  the  outgassing  rates  of  each  species  was  determined 
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from  the  time  dependence  of  its  selected  tracking  ions. 

(iv)  The  absolute  outgassing  rate  of  each  species  was  calculated  by  multiplying  its 
time-dependence  characteristic  by  an  appropriate  prqwrtionality  constant. 

These  steps  are  described  in  the  following  sections. 

5.3.2. 1  Data  Inventory 

The  ion  count  data  for  the  full  10  to  500  m/e  range  were  printed  out  in  tabular  form  by 
the  mass  spectrometer  data  system  for  test  times  of  zero.  0.333. 1.  S.  10. 20. 30, 40.  and 
48  hours.  These  data  were  then  entered  into  a  Miciosoft  Excel  database  woiltsheet  on  the 
Macintosh  computer  to  create  Table  5-8.  The  spacing  of  these  test  dmes  was  considered  to 
be  adequate  for  characterizing  the  time-dependence  of  the  data  for  modeling  purposes.  The 
zero  time  data  characterized  the  main  chamber  background  IS  minutes  prior  to  insertion  of 
the  effusion  cell  and  test  sample.  Sample  insertion  into  the  main  chamber  and  initiating  of 
heating  to  nSX  occurred  at  0.25  hour.  The  0.333‘hoiU'  data  were  recorded  5  minutes  after 
the  time  of  insertion  of  the  effusion  cell  into  the  main  test  chamber.  By  1  hour,  the  sample 
had  reached  the  test  temperature  of  IIS^C.  (The  test  start-up  procedures  and  timing  are 
given  in  more  detail  in  Table  4-1.) 

The  data  for  0.333  hour  have  been  entered  into  the  table  in  both  absolute  and 
background-subtracted  form  tc  show  more  clearly  those  m/e  values  that  were  saturated  at 
the  beginning  of  the  test  Many  of  the  lower  m/e  values  were  saturated  at  30120  at  the 
beginning  of  the  test,  as  well  as  the  in/eal21, 151, 177,  and  235  ion  peaks  associated  with 
the  198  K  alkyl  silicate  species.  By  5  hours,  saturation  occurs  only  at  m/e  values  of  27, 
42.  and  43. 

The  data  for  times  of  1  hour  through  48  hour  were  entered  into  the  table  in 
background  subtracted  form  only. 

5.3.2.2  Selection  of  Characteristic  Fragments 

There  are  two  possible  methods  for  tracking  individual  species  in  the  mixed 
outgassing  flux.  The  first  method  is  to  determine  the  unique  fragmentation  pattern  of  each 
outgassed  species  using  QTA/MS  and  then  to  enter  these  individual  patterns  and  the  mass 
spectra  for  the  mixture  of  species  measured  at  each  point  in  the  outgassing  test  into  a 
deconvolution  algorithm  to  resolve  the  contributions  of  each  species.  This  option  is  not 
feasible  at  this  time  because  the  (^A/MS  test  was  unable  to  separate  the  species  sufficiently 
to  produce  reliable  single  species  fragmentation  patterns.  Also,  although  deconvolution 
algorithms  axe  commercially  available,  there  would  have  been  insufficient  time  and  funding 
available  to  adapt  then  to  the  present  test  Finally,  because  of  the  saturation  issue  the  ion 
count  data  are  not  quantitatively  accurate  at  early  test  times  and  so  could  not  be  used  with 
confidence  in  a  deconvolution  procedure. 
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The  second  option  is  to  track  a  species  using  one  cr  more  unique  m/e  fragments,  if 
such  ions  are  available.  The  time-dependence  of  the  outgarsing  rate  of  the  parent  species 
should  be  the  same  as  the  time-dependence  of  these  ions,  'fhis  was  the  procedure  selected 
for  analyzing  the  data  of  Table  5-8. 

A  list  of  candidate  ions  for  tracking  each  species  v  ere  identified  by  inspecting  Table 
5-2.  Some  species,  such  as  the  19S  K  alkyl  silicate,  had  several  unique  ions,  while  other 
species  had  few  or  no  absolutely  unique  ions.  For  the  latter  species,  ions  were  selected 
which  were  not  truly  unique  but  which  were  considerably  more  abundant  for  that  species 
than  for  the  others  and  so  could  possibly  be  used  to  track  that  species  v/ith  an  accuracy 
acceptable  for  the  present  purposes.  For  this  reason  it  is  more  appropriate  to  refer  to  the 
ions  listed  in  Table  5-9  as  'tracking  ions'  rather  than  'unique  ions'.  The  ions  selected  for 
cracking  each  species  are  listed  in  Table  5-9. 

It  was  more  difficult  to  select  unique  ions  for  the  lower  molecular  weight  species 
because  the  t  major  peaks  frequently  coincided  with  fragments  from  high  molecular  weight 
species.  For  the  higher  molec  ular  weight  species,  many  of  the  major  fragments  were 
coincident,  such  as  the  73, 135,  and  147  peaks  for  the  siloxanes.  However,  for  the  high 
molecular  weight  species,  it  was  generally  possible  to  identify  ions  at  high  nt/e  values 
which,  although  not  very  abundant,  were  clearly  unique.  During  this  search  for  unique 
ions  for  the  high  molecular  weight  species,  we  concluded  that  during  the  outgassing  test,  it 
would  have  been  very  useful  to  have  recorded  mass  spectrometer  dau  for  m/e  values 
considerably  higher  than  the  arbitrary  cut-off  of  500 . 

The  tracking  ions  for  each  species  were  then  entered  into  the  Table  5-8  Excel  database 
worksheet  as  selection  criteria.  Using  the  Excel  data  extraction  feature  the  data  for  ion 
count  versus  time  for  each  of  the  candidate  unique  ions  were  extracted  from  the  main 
database  aiid  entered  into  a  separate  worksheet  dedicated  to  that  outgassed  species.  The  ion 
count  data  for  each  nVe  were  then  plotted  versus  time. 

As  an  example  of  this  procedure.  Figs.  5-44(a),  5-44(b),  and  5-44(c)  present  plots  of 
the  time  dependence  of  the  tracking  ions  selected  for  the  198  K,  210  K,  and  150  K  species, 
respectively. 

Figure  5-44(a)  shows  the  lime  dependence  for  the  198  K  tracking  ions.  For  this 
species  there  were  several  unique  ions,  and  the  figure  shows  that  the  level  of  agreement 
between  the  time-dependent  data  for  the  various  ions  was  good.  The  data  for  the  ion  at 
show  some  scatter,  but  only  at  ion  count  values  of  the  order  of  100  or  less,  which 
was  in  the  noise  range  for  this  test. 

Figure  5'44(b)  shows  the  tracking  ions  for  the  210  K  species.  There  were  only  two 
unique  ions  for  this  species  and  these  ions  had  low  abundances,  so  the  data  had  significant 
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Table  5-9 

Tracking  ions  for  the  Various  Outgassed  Species 

SPECIES  LOCATION 

IONS  SF’  ECTED  FOR  TRACKING  (m/c) 

9SK 

15:16;17;44;45 

145  K 

49;:0;51;75;89:91;92;103;l  17:133 

ISOK 

18:19 

1.S8K 

38:39:40:4 1 :42:43:44;^ .  »  S9;60:6l 

170  K 

161:16'.;163:170:207:i0.' 

175  K 

281:282 

18SK 

358 

198  K 

63;80:83;121;151;I77:193:235:2d5 

210  K 

279:280 

220K 

183:184:202:203:243:243^44 

230K 

327:328:329;365:366:367:405:406:407:408:420:421;422 

238  K 

344:401  ;4 17:4 18:4 19:480:48 1  ;482:494:495:496 

250  K 

341:342:403:404:491;492;493 

285  K 

37.7:374:375:376;389;390:45 1:452:453:454:455 

290  K 

187:197:198:209:216:217ai8;219:259:260-J91:392:48S;4d6:4d7:4d8 

scatter. 

Figuie  5-44(c)  shows  the  ion  count  for  the  <n/c»18  ion.  which  was  associated  only 
with  water.  The  curve  fit  on  Fig.  S-44(c)  shows  that  the  ion  count  clearly  decreases 
exponentially  with  time.  Characteristically,  diffusion-controlled  outgassing  decreases  with 
a  *1/2  power  dependence  on  time  in  the  initial  stages  of  outgassing  and  then  exponentially 
with  time  at  later  times.  Figure  5*44(c)  is  thus  consistent  with  the  later  stages  of 
diffusion-controlled  outgassing  of  water. 

5.3.2.3  Outgassing  Rate  Time  Dependence  for  Each  Species 

The  contributions  of  the  tracking  ions  for  each  species  were  summed,-  The  summing 
process  served  to  reduce  random  noise  and  generate  the  best  available  time-dependence 
characterisdc  for  each  species.  For  example.  Fig.  S-44(b)  shows  how  summing  smooths 
out  some  of  the  noise  in  the  limited  data  available  for  the  210  K  species.  The  summed  ion 
counts  for  the  various  species  were  then  entered  into  another  data  b^  for  final  processing. 

From  this  procedure,  we  found  that  water,  the  150  K  species,  is  the  only  species 
outgassed  from  R-2560  which  had  a  time-dependent  outgassing  consistent  with  depletion 
of  a  fixed  initial  concentration  by  diffusion-controlled  outgassing,  i.e.,  a  -1/2  power 
dependence  on  time  in  the  inidal  stages  of  outgassing,  followed  by  an  exponendal 
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Fig.  5-44  Time  Dependence  of  the  Ion  Cbunt  for  the  Tracking  Ions  for  Three 
Species  Outgassed  from  R-2560  at  125^:  (a)  198  K  Species, 
fb)  210  K  Species,  and  (c)  150  K  Species. 
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dependence  on  time  during  the  later  stages.  The  outgassing  rates  of  all  other  species  tend  to 
be  more  extended  with  dme,  as  though  additional  volatile  species  are  being  actively 
produced  during  the  test.  The  explanation  may  be  that  water  occurs  in  the  sample  only  as  a 
result  of  its  exposure  to  the  atmosphere  and  outgasses  by  simple  diffusion  of  this  fixed 
initial  concentration.  The  other  outgassed  species  occiv  as  a  result  of  die  chemistry  of 
curing  of  the  RTV  and  so  continue  to  be  produced  as  the  sample  cures  at  the  elevated  test 
temperature  of  nSX.  As  a  result,  their  outgassing  rates  at  longer  test  times  remain  at 
higher  values  than  would  be  expected  from  the  fixed  initial  concentration  noodel. 

5.3.2.4  Calculation  of  Individual  Species  Outgassing  Rates 

If  the  ionization  constant  of  the  outgassing  flux  is  constant,  the  outgassing  rate  of  a 
particular  species  at  a  given  dme,  t,  should  be  directly  propordonal  to  the  total  ion  count  of 
its  tracking  ions.  This  relanonship  is  expressed  by  Eq.  (5.8). 

OGRjft)  -  Pj  K  Ij(t)  (5  8) 

j'oGRjftlctt  -  Pj  H  /*Ij(t)dt 

where  OORjft]  is  the  outgassing  rate.  Ij(t)  is  the  total  ion  count  of  the  tracking  ions,  and  Pj  is 
the  proportionality  constant  for  the  jlh  species  at  time,  t.  The  outgassing  rate  of  the  jtll 
species  is  related  to  the  total  sample  mass  loss  by  Eq.  (5.9). 

fl,  j'oGRjWdt  -  fTMLxfnjKfj)  (5.9) 

where  TML  is  the  sample  total  mass  loss,  is  the  sample  initial  mass,  R,  is  the  exposed 
surface  area  of  the  sample,  and  fj  is  the  fraction  of  the  jlll  species  in  the  outgassing 
products.  Combining  Eqs.  (5.8)  and  (5.9)  gives  the  following  expression  for  Pj. 

Pj  -  (TMLx  K  fj)  ♦  (fl,/’lj(t)dt)  (5.10) 

The  icn  count  integral  for  the  tracking  ions  is  related  to  the  area  under  a  plot  of  the 
total  tracking  ion  count  versus  time  for  the  jib  species,  Rj,  by  Eq.  (5.1 1) 

/'ijftldt  -  Rj  K  3600  (5.11) 
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The  factor  of  3600  in  Eq.  (S.l  1)  accounts  for  the  abscissa  of  the  tiine-<lependent  ion  count 
plots  being  preser.ted  in  hours  rather  than  seconds,  nj  can  be  calculated  from  the  ion  count 
plots  using  the  following  modified  Trapezoidal  Rule  expression: 

Rj  -  lj(0  333)  X  [0.5 -0.25)  "  (5.12) 

♦  Ij(l)  K  (  I  S  -  0.5) 

♦  (Ij(l)  -(Cli(l)  - 1(5))  K  2.25/4))  M  (5  -  IS) 

♦  ((Ij(5)*Ij(IO))/2)x(IO-S) 

♦  (CIjClO)  ♦  Ij(20))/2)  X  (20  - 10) 

♦  C(fj(20)  ♦  lj(30))/2)  X  (30  -  20) 

♦  ((lj(301  ♦  Ij(40))/2)  X  (40  -  30) 

♦  ((Ij(40)  ♦  Ij(48))/2)  x(48-40) 

The  mass  of  the  R-2560  sample  tested  at  12S‘‘C  was  2.40841  g,  and  the  TML  measured  in 
situ  was  1.255  percent  The  exposed  sample  area  was  1.43  cm^.  Combining  the  above 
equations  and  data  gives  the  following  expression  for  the  proportionality  constant 

Pj  -  ((0.01255  X  2.40841  x  fj)/l.43)  ♦  (flj  x  3600) 

-  5.8713  X  10-*  X  fj/flj  (5.13) 

The  fractions  oi  each  species  in  the  total  mass  outgassed  as  calculated  from  mass 
speedometer  data  are  given  at  the  bottom  of  Table  5-2.  The  proportionality  constants  Pj 
have  been  calculated  for  each  species  using  Eqs.  (5.12)  and  (5. 1 3)  and  the  Table  5-2  dau 
for  fy  The  outgassing  rates  of  each  species  at  each  point  in  time  have  then  been  calculated 
horn  the  ion  count  data  using  Eq.  (5.8)  and  have  been  presented  in  Table  5*  10. 

The  data  of  Table  5*10  have  been  plotted  in  Fig.  5-45.  The  more  volatile  species 
show  a  much  greater  decrease  in  outgassing  rate  with  time  than  the  less  volatile  species. 
Also,  inspection  of  Table  5-10  and  Fig.  5-45  shows  that  the  outgassing  rate  of  the  more 
volatile  species  is  highest  right  at  the  beginning  of  the  test,  at  0.333  hour.  On  the  other 
hand,  the  outgassing  rate  of  several  of  the  less  volatile  species  rises  from  0.333  hour  to  1 
hour.  This  lends  support  to  tlie  proposition  that  the  sample  continues  to  cure  as  it  is  heated 
to  125'’C,  and  perhaps  all  through  the  test  period. 

Figure  5-46  compares  the  total  outgassing  rate,  extracted  from  Fig.  5- 1(b),  witli  the 
total  cutgassing  rate  calculated  by  adding  all  of  the  individual  rates  in  Table  5- 10.  When  it 
is  remembered  that  mass  fpectrometry  is  not  a  quantitatively  precise  technique  and  that  the 
mass  spectrometry-derived  outgassing  curve  is  based  on  manual  analysis  of  the  data,  the 
agreement  between  the  two  curves  is  ger.erally  good.  The  two  pealc  structure  in  the 
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Fig.  5-46  Comparison  of  the  Total  Outgat  'ng  Rate  Measured  by  CJCM  Collection  and 
Calculated  from  Mass  Spectrometer  Ion  Count  Data  for  R-2560  at  125*’C. 


0.5‘hour  tune  period  does  not  appear  in  the  mass  spectrometer-derived  curve  because  of  the 
specific  test  times  selected  for  analyzing  the  isothermal  test  mass  spectrometer  data.  At  later 
times,  the  mass  spectrometer  data  indicate  a  slightly  higher  outgassing  rate  in  the  5-  to 
20-hour  period,  and  a  slightly  lower  outgassing  rate  in  the  20-  to  48-hour  time  period  than 
the  QCM  collection  data.  The  calculation  of  total  outgassing  rate  from  the  ion  count  data 
was  made  oil  the  assumption  that  the  ionization  constant  does  not  change  throughout  the 
test.  Ill  fact,  the  changing  relationship  between  the  two  outgassing  curves  with  time  could 
be  credibly  explained  by  a  decrease  in  the  icnizadon  constant  with  time  as  the  species-mix 
in  the  outgassing  flux  changes  with  time. 

We  reached  a  similar  conclusion  by  comparing  the  AIC  and  total  outgassing  rate  data 
in  Section  5.3. 1.3  and  Fig.  5-43. 


S«ction  6 

MATERIAL  DATABASE  MEASUREMENT  I  ROGRAM 


This  section  presents  the  results  of  the  measurement  program  in  which  the  test 
method  was  exercised  and  demonstrated  by  using  it  to  create  a  material  database.  Section 

6.1  describes  the  material  test  program.  Sec'Jon  6.2  reviews  the  r/pes  ot  data  included  in 
the  database.  The  main  body  of  the  daubase  is  presented  in  the  Appendix. 

6.1  MATERIAL  TEST  PROGRAM 

6.1.1  Test  Matrix 

Table  6-1  lists  the  20  sample  materials  tested.  The  materials  were  selected  by  the  Air 
Force  Materials  Laboratory.  The  list  includes  five  principal  groups  of  materials  - 
adhesives,  films  and  sheet  materials,  oils  and  greases,  paints  and  thermal  control  c.'iatings, 
and  carbon-reinforced  composites. 

The  original  nominal  goal  of  the  test  program  was  to  test  25  materials.  Because  of  the 
developmental  nature  of  the  test  method,  some  evolutionary  changes  were  made  to  the 
apparatus,  test  procedure,  data  acquisition,  and  dau  output  during  the  early  par*,  of  the  test 
program.  Because  of  these  changes,  we  decided  to  reir  *  a  number  of  materials.  Also,  a 
number  of  tests  had  to  be  repeated  because  of  unexpected  evenu  such  as  storm-caused 
power  failu.’cs.  As  a  result,  although  26  material  tests  and  an  addition  J  7  emp'y  effusion 
cell  checkout  tesu  were  performed  during  the  program,  die  daubase  contains  only  20 
materials. 

6.1.2  Material  Sample  .Sources 

The  adhesives  and  films  and  sheet  materials  were  all  standard  aerospace  materials  and 
were  obuined  from  controlled  Lockheed  stock.  In  the  ibsmce  of  an  industry-wide 
standard  specification  system  to  establish  compliance  and  traceability,  the  material  sample 
specification  includes  the  Lockheed  EPS  (Engineering  Purchase  Specification)  number.  In 
the  Lockheed  system,  msterials  are  identified  by  the  LMSC  Raw  Material  Convenience 
Number,  which  approves  a  material  and  identifies  it  by  a  seven-digit  Engineering  Purchase 
Specification  (EPS)  number  which  desenbes  its  peculiar  characteristics  (type,  class, 
dimension,  etc.).  Compliance  of  the  material  is  verified,  before  acceptance,  by  the 
Lockheed  Material  and  Process  Control  Laboratory  Standard  test  material  samples  were 
purchased  according  to  the  EPS  number.  Where  applicable,  standard  material  samples  sre 
prepared  and  applied  according  to  a  Lockheed  specification. 

The  Brayco  oil  and  the  Braycote  grease  were  donated  by  Burmah-Ca.strol  Inc.  Th; 
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VacKote  and  the  Kiytox  oil  samples  were  supplied  by  AFWAL  Materials  Division  and  E.I. 
Dupont  jw  Nemours  Co.,  respectively.  All  of  tl-e  oils  and  greases  were  supplied  in  sealed 
plastic  <r  glass  containers. 

The  S/13G/LO*V10  paint  samples  were  prepared  and  shipped  to  Lockheed  by  the 
University  of  Dayton  Research  Institute.  I  he  LMSC  1 170  thermal  control  coating  was  a 
developmental  material  prepared  and  supplied  by  tlie  LMSC  Materials  and  Processes 
Engineering  organization.  The  remaining  paints  and  thermal  control  coatings  were  obtained 
from  controlled  Lockheed  stock,  and  test  samples  were  prepared  according  to  standard 
LockI.eed  specifications. 

TTiC  AS4/PEEK,  AS4/PPS  and  AS4/3501-6  (Source  A)  carbon-reinforced  composite 
materials  were  prepared  and  supplied  by  Martin-Marietta  of  Oak  Ridge,  TN.  The 
AS4/3S01-6  (Source  B)  material  was  nominally  the  same  as  the  composite  supplied  by 
Martin  Marietta  but  was  prepared  and  supplied  by  AFWAL/MLBT. 

All  standard  materials  were  prepared  and  handled  according  to  standard  Lockheed 
procedures,  which  should  be  typical  of  the  industry.  For  nonstandard,  and/or 
developmental  materials,  the  need  to  maintain  sample  cleanliness,  the  nature  of  the  intended 
testing,  and  the  necessity  that  the  samples  be  representative  of  the  bulk  parent  material  were 
stressed  to  the  suppliers. 

6.1.3  Test  Sample  Preparation 

The  lest  sample  geometry  for  each  material  was  selected  according  to  the  guidelines  of 
Section  4.1. 

The  four  adhesives  tested  were  poured  or  injected  before  curing  into  cylindrical 
open-ended  stainless  steel  lubes  approximately  1.00  inch  long  by  0.37S  inch  diameter. 
This  geometry  constrained  diffusion  within  the  sample  to  be  one-dimensional  flow  along 
the  the  axis  of  the  tube. 

The  five  thermal  control  coatings  and  paints  were  applied  to  aluminum  disks  1 .00 
inch  diameter  by  0.2S  inch  thick. 

Film  and  sheet  materials  were  tested  in  as-supplied  form.  Test  samples  of  the  1  mil 
FEP  Teflon  and  the  5-mil  Mylar  films  were  cut  from  48-inch'wide  rolls  of  sheet  material. 
Test  samples  of  the  1-mil  Kapton  were  cur  from  18-inch-wide  .oils  of  sheet  material. 

The  greases  and  oils  were  placed  in  small  aluminum  foil  or  stainless  steel  dish  holders 
in  the  effusion  cell.  The  holders  matnuined  constant  surface  area  for  evaporation  and 
permitted  me  samples  to  be  weighed.  The  aluminum  foil  holders  weighed  approximately 
U  g  while  the  stainless  steel  holders  weighed  approximately  9.0  g. 

Composite  materials  were  tested  in  as-supplied  form,  without  the  use  of  special 
holders.  The  composite  materials  were  typically  supplied  as  l.(X)-inch-square  samples 
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about  0.050  inch  thick. 

6.1.4  Test  Purameters 

I'able  6>2  lisf  the  test  parameters.  The  sample  temperatures  were  selected  according 
to  the  g'lidelm'^s  of  Sectio.i  >  AH  materials  were  tested  at  12S'*C  and  75'’C.  Six  materials 
were  also  tested  at  2S°C.  while  a  seventh  was  tested  at  100**C.  The  remaining  materials 
were  not  tested  at  a  third  temperature  in  the  interests  of  making  the  best  use  of  available 
funds. 

6.1.5  Data  Acquisition 

Table  6-2  lists  the  data  measured  for  each  combination  of  material  and  temperature. 

6.1.6  Data  Reduction  and  Presentation 

Table  6-2  lists  data  that  have  been  reduced  to  date.  All  of  the  QCM  collection  data 
have  been  reduced  to  obtain  total  outgassing  rates  and  deposition  data  and  are  presented  in 
the  database.  GC/NIS  data  for  the  materials  are  also  presented  in  the  database.  No  mass 
spectrometer  data  are  included.  Because  of  the  acknowledged  level  of  difficulty  involved 
in  analyzing  the  mass  spectrometer  data,  the  statement  of  work  for  the  Phase  n  Extension 
did  not  require  it  to  be  reduced  and  presented.  This  level  of  difllculty  is  well  demonstrated 
for  the  example  of  R-2560  at  125®C  given  in  Section  5.  Also,  because  of  funding 
limitations,  the  deposition  data  for  the  150  K,  220  K,  and  298  K  QCMs  were  not  reduced 
to  the  same  level  of  detail  described  in  Section  5  for  the  example  of  R-2560  at  t25®C 
The  contents  of  the  database  is  described  in  more  detail  in  Section  6.2. 

6.2  DATABASE  CONTENTS 

Section  6.2. 1  lists  the  data  presented  in  tl;e  database.  Section  6.2.2  gives  common’s 
on  particular  items  of  data. 

6.2.1  Data  Categories 

The  databa.se  contains,  for  each  combination  of  nu  tcrial  t)^*  and  test  temperature,  the 
following  categories  of  data: 

•  Test  Information  Summary  Sheet 

•  Isothermal  Outgassing  Test: 

’  Total  mass  loss  (TML)  as  a  function  of  time. 

-  Total  outgassing  rate  per  unit  exposed  surface  area  as  a  function  of  time. 

•  Volatile  Condensable  Material  (VCM)  deposited  on  the  150  K,  220  K,  and 
298  K  QCMs  as  functions  of  time. 

•  O  .\Tcst: 

-  Fraction  of  total  outgassing  products  remaining  on  the  90  K  collector  QCM 
as  a  function  of  QCM  temperature  during  QTA , 
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•  Rate  of  evaporation  from  the  90  K  collector  QCM  as  a  function  of  QCM 
temperature  during  QTA. 

•  GC/MiJcsi: 

•  Identification  of  the  species  evolved  in  the  125®C  and  200®C  GOMS  tests. 

-  Fraction  of  material  remaining  in  the  GCyMS  column  versus  scan  time  for  the 
125T  a.nd  200T  GC/MS  tests. 

6.2.2  Comments  on  Data  Categories 

6.2.2.1  Test  Information  Summary  Sheet 

The  data  for  each  material  are  preceded  by  a  data  sheet  which  summarizes  the  test 
conditions  and  sample  specifications.  The  computa  file  numbers  in  which  the  raw  data  arc 
recorded  are  given.  The  sample  surface  area,  the  initial  sample  weight,  test  duration,  and 
the  ex  situ  total  mass  loss  calculated  from  the  pre*  and  post-test  laboratory  balance 
weighings  are  included  in  this  section. 

Comments  on  the  conduct  of  the  test  are  included  where  appropriate.  Comments 
include  the  sample  description,  source,  geometry  ard  any  test  variations  from  the  standard 
procedure.  If  the  comment  is  lengthy  or  applies  to  several  material  tests,  there  is  a 
reference  to  a  numbered  note  in  Section  A.  1.4. 

6.2.2.2  Isothermal  Outgassing  Test  Data 

The  TML  and  VCM  data  presented  include  all  recorded  data  points,  with  no 
omissions  or  smoothing.  Some  of  the  data  show  periodic  frequency  shifts  which  are 
functions  of  the  apparatus  data  acquisition  and/or  temperature  contro'.  sy.st;m.  This  is 
particularly  apparent  for  tests  in  which  the  amount  accumularcd  was  very  small.  It  is 
appropriate  for  the  user  to  smooth  these  data  graphically,  since  these  periodic  variations  do 
not  reflect  teal  changer  in  either  outga.osing  or  deposition  kinetics. 

Because  outgassing  rates  are  calculated  by  direct  differencing  of  the  QCM  frtx)uency 
data,  the  effect  of  random  and  systematic  fluctuations  in  frequency  are  amplified.  At 
discussed  in  Section  5.1,  this  source  of  scatter  can  be  reduced  by  averaging  over  longer 
data  intervals.  The  outgassing  rate  data  presented  in  the  database  have  all  been  smoothed 
by  differentiating  the  frequency  dau  over  time  intervals  appropriate  for  reducing  the  noise 
and  defining  the  character  of  the  curve.  Tlicsc  time  intervals  and  the  repetition  of  the 
smoothing  technique  varied  Ixtwcen  materials.  In  general,  as  the  test  method  m.iturcd  and 
apparatus  modiftcatio.is  were  m.tdc  to  reduce  the  apparatus  induced  noise,  the  quality  of  the 
outgassing  rate  curves  also  improved.  Titus,  less  smoothing  or  avenging  was  required  to 
firmly  define  the  curves.  This  was  also  the  case  for  the  higli  outga.ssing  materials  which 
had  large  deposition  rates  on  the  QCMs  and,  therefore,  large  signal  to  roi.se  ratios. 

As  discussed  in  Section  5.2.  the  VCM  data  can  be  further  reduced  to  obtain 
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deposition  and  evaporadon  rate  data.  1  his  tdditional  dau  rtductioa  hu  not  been  peifcnned 
for  the  main  body  of  dau  because  of  insufTicient  funding.  However,  the  user  should  be 
able  to  perform  an  analysis  similar  to  that  of  Section  S.l  using  the  VCM  daU  provided. 

No  isothermal  outgassing  test  mass  spectrometer  data  have  been  included  because  the 
magnitude  of  the  necessary  data  analysis  and  prtsenution  usk  wu  outside  the  funding 
capacity  of  this  contract. 
d.2.2.3  QTA  Test  Data 

Only  the  QTCA  dau  for  the  90  K  QCM  have  been  included,  because,  u  shown  in 
Section  5.2,  the  QTCA  plots  for  the  150  K.  220  K.  rnd  298  K  QChti  do  not  coruin  any 
additional  useful  data. 

The  linear-linear  plot  of  evaporat<ot>  rate  versus  QCM  temperahire  is  included  since  it 
clearly  defines  the  evaporation  rate  regimes  of  the  diC^rent  species.  The  evaporation  rate 
data  have  been  calculated  by  differentiating  the  frequency  dau  over  time  intervals 
appropriate  for  lesolving  the  different  evaporating  species.  See  Section  5.2  for  an  analysis 
of  the  effect  of  interval  size  on  smoothness  and  definition. 

No  QTA/MS  data  have  been  included  in  the  database  because  the  magnimde  of  the 
usk  of  analyzing  and  presen.ing  them  as  described  in  Section  S.2  would  be  outside  the 
funding  capacity  of  this  contract.  However,  the  data  will  be  retained  on  computer  disk  and 
tape  files  by  Lockheed  for  future  retrieval  and  dissemination. 

6.2.2.4  GC/MS  Tes;  Data 

The  GC/MS  dau  include  a  species  summary  of  the  normal  dau  output  from  this  type 
of  test.  The  mass  fragmentation  patterns  of  the  various  evolved  species  are  not  supplied 
due  to  space  limitations.  The  GCVMS  mass  fragmenution  pattern  dau  would  be  required  if 
an  analysis  of  the  QTA/MS  daU  in  the  manner  described  in  Section  5.2  were  to  be  made. 
Since  the  QTA/MS  are  not  included  in  the  the  current  daubase  there  is  no  rea.son  to  include 
the  GCTMS  dau  on  this  account  The  GC/MS  dau  would  also  be  useful  if  the  user  wished 
to  verify  the  chemical  identification  of  the  evolved  species  made  by  the  Lockheed  Analytical 
Chemistry  Group.  It  was  believed  that  the  number  of  users  who  would  wish  to  make  this 
verification  on  a  routine  basis  would  be  too  small  to  justify  the  manpower  and  space 
required  for  inclusion  of  (his  Immense  amount  of  data.  These  data,  however,  will  be 
retained  on  file  by  Lockheed,  to  be  consulted  upon  request. 
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CONCLUSIONS  AND  RECOMMKNDATIONS 


Section  7.1  presents  the  coaclustors  that  were  reached  about  the  performance  and 
utility  of  the  test  method.  Section  7.2  presents  recomtnendations  for  improving  the  test 
method,  implementing  the  dau,  and  extending  its  sco|)e. 

7.1  CONCLUMONS 

The  test  mcihod  has  been  demonstrated  to  be  c.npablc  of  measuring  (letailv.*d  data  on 
the  kinetics  of  ouigassing  and  deposition  with  <  nigh  degree  of  accuracy  and  repeatability. 
The  apparatus  is  sufficiently  robust  for  the  ricihod  to  be  used  for  rou'.ine  testing  uiih 
minimum  down  time. 

The  capability  for  measuring  the  ouigassing  and  deposition  rates  of  each  individuil 
outgassed  species  was  established  as  an  objective  at  the  beginning  of  tne  program.  It  vsas 
ftcognized  at  the  time  that  this  was  a  very  ambitious  objective  that  could  not  be  reached 
without  developing  wh.it  amounted  to  a  new  analytical  chemistry  tool.  The  new  tool  was 
an  in  situ  chromiiography  technique  referred  to  as  QTA.'MS,  which  combines  QCM 
thermal  analysis  with  mass  spectrometry.  QTA/MS  has  not  yet  been  developed  to  the  point 
at  which  it  can  be  used  to  support  the  ambitious  fjIly*computcrizcd  dau  reduction 
procedures  for  determining  individual  species  ouigassing  rates  originally  proposed  as  a 
program  objective.  Howevc.,  Section  5  presents  a  manual  method  for  dciermining  the 
individual  SiKcics  ouigassing  rates  which  demonstrates  that  this  objective  has  been  reached 
in  principle.  The  manual  data  reduction  technique  is  very  labor  intensive,  and  funds  were 
insufficient  to  analyze  all  of  the  ex^icrimenial  data  obtained  in  the  database  measurement 
program  in  ihii  ..lanncr.  It  is  believed  that  the  ultimate  objective  of  a  fully  computerized 
method  to  determine  individual  species  behavior  is  reachable  if  we  make  the  minor 
apparatus  modifications  discussed  below. 

The  major  overall  is.sue  to  emerge  from  the  program  is  that  of  cost  effectiveness  and 
utility.  The  motivation  for  cxwduc  ling  the  projn’im  vj  .  to  gcnrnic  the  det.iiled  kinetic  dita 
neciled  to  support  system  tivulcluig.  Tlie  coni.immalion  trvxleling  cot.m'uniiy  tiadition.illy 
likes  to  obtain  as  niiH.!i  kinetic  d.iia  .is  jxr.sible  to  support  llirir  tivxlels  in  otilcr  to  nuxiiinze 
realism.  However,  kinetics  d.iia  are  much  nu>fc  costly  to  obtain  |*er  riiaicrial  tli.in  tl'.c 
A.SThf  V,  y)5  type  screening  lest  data,  ami  cost  rffcctivenc.ss  considerations  will  pla»  e  a 
limit  to  the  amount  of  data  detail  that  can  be  profit, iMy  jsed  to  support  sysfeni  design 
analyses.  It  is  lelirvrd  ilia*  the  new  test  iiiciImhI  can  ciincnily  pmvide  ■  more  drt.ided  '.vel 
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of  BMttrial  outiaiiing/depociUon  kinetics  characierlaation  than  is  necessary  for  most 
profTsm  spplicstions.  Some  input  is  now  needed  from  the  user  community  to  help  identify 
the  most  cost  effective  f(Ymst  fur  the  test  method  snd  dsuhst:. 

The  following  sections  discuss  specinc  stpecis  of  the  test  method  sppsrstus  snd 
proceduit. 

7.1.1  Basic  Test  Approach 

The  QCM  coUection  technique  has  proven  to  be  a  very  convenient  and  accurate 
method  for  tneasuring  total  mass  loM  snd  total  outgsssing  rate.  The  major  potential 
systematic  weakness  of  the  collection  method  is  its  inability  to  detect  species  which  do  not« 
condense  at  the  collector  temperature.  However,  the  peaenuge  of  these  species  in  the 
outgsssing  products  of  polymers  is  usually  negligibly  small,  and  the  inclusion  of  a  mass 
spectrometer  in  the  appannis  reduces  the  possibility  that  these  species  will  not  be  detected. 

Measuremeiit  of  deposition  rates  using  a  QCM  to  simulate  a  surface  it  a  very  accurate 
procedure  and  l.as  been  used  to  perform  basic  research  on  surface  deposition  kinetics. 
Deposition  kinetics  will,  in  general,  be  surface  dependent,  to  strictly  speaking,  the  data 
prtaented  here  apply  only  to  the  surface  of  the  particular  QCM  crystal  used.  However,  it  is 
impractical  to  perform  deposition  tests  for  met  than  one  type  of  QCM  surface  because  of 
the  cost.  Also,  most  contamination  deposition  models  currently  used  by  industry  do  not 
account  for  differerioet  in  the  deposition  characteristics  of  difrerent  types  of  surface. 

Mata  spectrometty  U  the  most  practical  way  to  identify  gaseous  species  in  vacuum  in 
teal  time.  The  matt  spectrometer  was  integrated  into  the  test  method  with  minimal  impact, 
and  proved  to  be  very  leliable  and  easy  to  use. 

The  QTAAIS  technique,  which  combines  mata  ipectrometry  with  the  QTA  teat  to 
separate  the  different  outgassed  ipeciei  and  determine  their  mass  fragmentation  patterns,  is 
a  new  fom  of  gu  chromatography.  Development  of  a  new  chromatography  technique 
normally  requires  considerable  dedicated  research  and  development  erfoet  The  present 
program  attempted  to  create,  develop.' and  routir.ely  implement  the  QTA/MS  technique  u  a 
•ubusk  of  the  overall  test  method  development  and  daiahaie  measuiemeiit  program.  Not 
Mirprisingly,  evaluation  of  the  QTA/MS  technique  took  a  large  pardon  of  the  program 
effort,  and  the  description  of  ihii  evaluation  in  Section  5.2.2  created  the  Urgcit  tingle 
KCtion  of  this  report.  It  is  shown  in  Section  S.2.2  that  the  QTA/MS  technique  has  been 
demonstrated  to  a  point  at  which  Its  separation  capabiliiy  it  adequate  for  suppcriing  a 
manual  determination  of  the  mass  fragmentation  paiiemi  and  chemical  identity  of  the 
uutgatsed  specici.  It  is  believe*'  that  QTA/MS  can  be  developed  into  a  mulinc  lest  with 
fully  computerired  data  reduction  if  the  minor  hardware  changes  listed  in  Section  7.1.2  are 
made,  and  If  the  apintpriate  algo' iihms  and  dau  interfaces  referred  to  in  Section  7.1.3  art 
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cvuMuhn} 

The  ICM  p!»n  vallcvt  f>*r  ilrif 'iniii.iti.in  o(  tht  oiji(ia\Mng  f*tc»  of  fath  indjviuuil 
I'u’jC.'O'.fd  Npct  IC^  by  iwtnpiilO.\/v»f  »!'‘v  onvolutiin  of  llir  tnaw  f',<j;it'rnt*:ion  paftrrt  ^ 
ii<f  dMircd  at  h  point  in  time  in  the  I'.oilicrni.il  ouiga'^ving  tf  iivmg  inaMi  ft:i;;t?)cnt;.lu>n 
pattrm  il.ita  for  t!if  uniivuli.al  v[vi  ic\  o^!.llnclJ  fioin  t>if  yi  AAIS  tf '•t  AlifiiKi/.S  ll  it  Vka\ 
IvasiMe  m  piiiu  iplc,  it  n‘<p.ii»cd  nt.if.y  f.u  ior%  \U(.h  i\  ntav%  ^jtctimrtK  irr  gain,  loni/a’ion 
conMjnta.  ir.vfivitfual  vjiei  les  fr  igtncniaimn  paticrna.  etc  .  to  remain  conciani  ov  .t  the 
diir  ition  of  a  tcM  in  order  for  me.mingfiil  qu.intitaiive  result*  to  fie  oStamed.  Alvo.  it 
tequited  tfie  in.iw  vpci, tromcior  ti»  fi.oe  a  lnj-ii  il>fi.in!if  range  in  r'rdcr  to  ''f  ik  the  less 
af'iind.ini  vfyi.  lec  1  be sC  (j"  int '.i.itoc  jh  i loi oi  ini. c  m|iiirrnicntc  i  o,  1  1  not  tie  toft  t'y  i!.e 
current  nu'«^  vpccinancter  ^yMcm,  %clin.*i  i\  lio:  u  .cd  in  a  itiainly  t|iialitative  rtKvte  Hfni.e. 
even  if  QTAAfS  had  fyen  aide  to  I’lovidc  clean  fragnu  niation  pallrrti  data,  quantitative 
petfomiar  e  limiiaiions  on  toacs  cpcc tiotoctry  would  have  prevented  the  goal  of 
rieiennming  individual  specen  ouigacong  rates  using  fully  c<.inputcrir(;d  data  reducing 
frttrn  hemg  reached.  However,  ibe  cuirent  limitations  art  not  hasic  to  ntass  spectrometry, 
and  c«mversati(»ns  with  the  mass  '.pecininyler  hanfware  and  software  suppliers  iiklii  ate  that 
many  imp.'ovrments  can  he  m.ide  using  esistmg  Kc  hnology  to  improve  the  cjuantitaiive 
perfomunce  of  the  system.  This  is  discussed  further  in  Section  7.1.2. 

It  has  proven  to  Ik  a  g<H>d  idea  to  include  (KIA1S  tests  in  the  test  meihtxi.  Although 
the  species  evolved  and  dciec  ted  in  r»(  AIS  are  not  exactly  the  satiK  as  th«>se  evolved  in  the 
vacuum  outgassing  test  because  of  the  ddferent  piessurcs,  temperatures,  and  test  iluiatums, 
they  are  sufficiently  sinulat  for  the  (JC/MS  species  identiHc aiion  and  relative  propsnion 
da  a  to  he  a  very  useful  addition  to  tlic  test.  (»C'A1S  will  thus  he  retained  in  ,he  test  meilHid 
fof  the  foreseeable  future. 

7.1.2  Test  Apparatus 

The  basic  design  of  the  apparatus  was  very  saiisfac  lory.  The  appataius  was  easy  to 
use  arvl  was  aide  to  function  aiitotn.iiically  f«»r  long  jieiuxls  w  ith  a  high  degree  of  reliability. 
Tliree  years  o(Kraiicinal  exp'iience  with  the  apparatus  has  shown  that  ihe  mam  test  failure 
fTMxles  are  e sicmcl  pks  hanisms  such  as  huilJing  electric  al  [vnvrr  or  ccMiling  water  failure. 
Tl'e  appaiatiis  nreasiirr ment  accuiacy  was  v.iiicf.u  toiily  driiviiisiinird  in  Phase  M  The  few 
mivlifu  ations  ili.it  seem  dcsii.iMe  in  |tie  l■l•.hl  of  e  sprii~ni  e  air  disc  us  yd  in  the  foliow  uig 
p;u:i;;t,iphs,  flmi  are  rvoluiu'ii.uy  r  itfuT  tli.m  fu.id  ui'!  i\i.il. 

'Ihe  leiiij  eraiute  conliollr rs  ciiic.ir,.illy  scln  n  d  .iiiil  use  1  oi  Ki''  piocr..m  employ 
on  off  i oiiiriil  of  ilic  1 10  j:  line  volt.ip.e  lo  nioilul.iic  pow  i  r  to  i!ie  (.>(  'Ms  an,!  I'le  s.ii;i/!r 
holdei.  1  liese  conirollr  rc  wrir  se h  e  ted  In  c  .ur.e  of  thru  h  iw  rr  pi  ii  e  and  Iv,  anve  thee  I'ad 
been  used  successfully  iKfoie  at  I  oclheed.  However,  in  ilie  pievi me  ap,i'i.  aiion  ihe 


QCMi  bad  beta  mounted  in  hoUert  with  tubiuntia]  thermal  mau  wHicIl  reduced  the  beet 
flow  irtntients  expenenced  by  the  QCM  cryitalt  duhnj  power  cycLrif.  la  the  preaeiM 
apparaiuv  the  QCNIi  are  heated  directly  lo  the  cryttaU  etpenence  a  larger  heat  flea 
tranMent  and  thow  ftignificcrt  power  nvylulatum  induced  r.oi«e.  Hut  noite  touree  can  te 
eliminated  by  u^mg  more  erpencive  dc  voltage  moilulation  to  cortwl  power  Thia 
inxIirKation  ia  already  ir  prt>gfe»*. 

The  heat  teak  into  the  liquid  nitrogen  reservoirs,  and  hence  the  liquid  nitrogen 
consumption  rate.  coukJ  be  redixed  c^visukrahly  by  better  use  of  muttila)^  insulaoon  and 
shields,  and  by  using  stOK  tutal  suppsvls  and  service  wires  and  tubirg  with  smaller  crosa 
srtiKins.  longer  irngths.  and  difTor^nt  maienaU  Reduc  ing  tl.e  liquid  nim'gen  consuniptKni 
rate  wv*uld  lower  the  cost  per  test,  and  would  also  reduc  c  the  fill  frequency  and  hence  the 
impac  t  of  fill  transient  ruuse  in  the  data.  It  wt>uld  also  reduce  the  ptohability  of  test  failure 
owing  'o  p.tsblems  with  the  liquid  nitmgen  aupply  control  system  a rsd  tanka. 

IV  apparatus  could,  in  principle,  be  kept  cold  using  a  mechanisal  rtfngeratnr.  and  a 
cost  analysis  might  show  that  this  approach  would  he  less  eapensive.  Hewever,  a 
mechanical  refrigerator  would  be  'est  reliable  and  could  'ntroduce  additional  noise  to  the 
data.  Use  of  a  mechanKal  refr  aeration  system  is.  Iherefive,  not  recommended. 

Because  the  entire  QJCM  housing  had  to  be  heated  in  ivdcr  to  heat  the  sensing  crystal, 
an  eacetsive  amount  of  power  was  required  to  raise  a  QCM  to  400  K.  The  eacesaive 
power  increased  liquid  nitrogen  consumption  and  caused  unnecessary  thermal  transients  in 
othei  components.  It  should  be  possible  to  eliminate  this  problem  entirely  by  using  i 
newer  design  QCM  such  as  the  QCM  Research  Mvk  16  In  wluch  only  the  measuring 
crystal  is  heated.  This  modification  is  in  progress. 

The  n  ajof  po'blem  encountered  In  the  QTA/MS  test  was  that  the  mass  spes:tn)inetc» 
detected  species  evaporating  from  the  QCM  holder  as  well  as  the  measuring  crystal.  Thti 
proMem  could  lie  ellrrunated  by  using  a  QCM  design  in  which  the  crystal  can  be  heated 
indepenoently  of  the  housing,  such  as  the  QCM  Rtsranh  Mark  16.  As  noted  In  the 
previous  paragraph,  this  modification  is  already  in  progress. 

The  mass  spectrometer  used  represented  more  or  less  the  state  of  the  an  in  imaJi 
computer  controlled  systems  and  was  equipped  with  more  software  options  for  data 
manipulation  than  could  ucefully  be  fspUuird  by  lliC  lest  ii)efh<d.  Mowevrf,  the  u'^aSle 
dynamic  range  of  the  man  sjiei  tnimetrr  was  limited  by  comparison  with  the  Q('Kls  The 
dynamic  rrnge  of  iV  nw-s  s|<n»  ironr ter  at  aciMoiiinl  r lr»  tnuirirr  range  and  muliii'liof  gam 
selling  Is  atimt  fofir  oniris  of  ma};ni(ui1r.  Urn  dynamic  r.mpr  (»f  the  Q('Ms  is  aU  tii  five  «r 
lia  orders  of  rnagmiuilc.  Ihcrt  was  a  diflrrrnce  of  aN>ui  ftnir  orxlcrs  of  magnitude 
between  the  ouifavsing  rairs  nirasurrd  firt  high  ouigavsing  m.iieriali  at  the  Irglnmng  of  a 
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if\t  ni^l  (t'f  i:rf  »  iiw,«virr\l  (<>f  I'"*  ii  i^f  f'vl  i>f  •  •ru,  K'  t*>c  ftrj* 

I  .<;m  »>(  I'lr  nu\\  \;>ci  Iimhk  :ii  VK-r*  i  If  wl>  \nr»\i‘(‘i  IV  iIvi>j:iiiv  o'  tV  naAl 

V  ' ;  \ r  If!  N»A\  \t!f\s(il  l-v  tlif  f.f.l  1*  I'mn.litf  ft'iiinf  Hifl  pf*k«  iH  iV 

ti  «  ni.i'  mil  I'l  ^iwv  H  \  sk  *'■  -mIhk  r  wm  If  n  lliAn  If  n  jicnml  TV 

li'ik  lit  If » I II 'O  1 1 II.  1 1  i  ,in  V  a.!  -  ii\l  HI  I'"'  j'lf  M'fi'  A I  Ilf  in  j'l  lo  i  *  ‘il,  tnii  il  i  *  ifnM  Kf 

*,! f.iNii'il  M  I*,'  niulvllf  I  I  a  irsl  mii!ii>i*i  a  tinpail  1*0  lh<  tiaia  tiJleiiK*^  fr*mai. 

t'lnu f  1  \aiii'*'v  vk  iih  t!if  M'.ivA  nx  i  iri>mr'..f  t\  sifni  hanliaarr  ar*!  »i'fl»afT  nippii  *  t  imlK'Sif 
ih  II  ihi'  V  air  I  ■.  ;u  i  i!>  ii»  a  1.!  i  mj;  ihf  is  .ifiii  !<•  (w  r<'i.|  if  pnii  s  iiy  <  hai'pf  l  lii  V  *  ji^V  l1ir''ij^ 

a  :.  x'.  W  !•..  tl  SI  '  I.  ;.:|-.  ■!  Ilf  l''f  •!  .  ’in  I  <1  ;  .  |  •  .'.j.  pl  I’l  |  I  |,  if  I'lf  fs-,lfl11  if  ii»»'  ,' 

t.  <  ,1! ..  ISA  ai.ii  an.iiis  V  'lOs  I ,  III  ii|  l|f  f  v  liMiiiiiri  if  nsili  V  ity  il.ii  ii'j;  a  Ir  il.  1 1  if  ti  latiif  I’s  iwiimi 
M  j.r  i’(  i^if  iii.iii  nsfi  t'l'iu  in  n'liM  V  f»i«  riik'<l  '<1  aSuii  f  ii,kl  i»fi|fi|  i4  inajt'iiiialf 

lf»t  rriHfiliiff 

1  Ilf  Kill!  (f  s(  (’fi»  fit, Iff  ia<>ilif.l  vciy  mrll,  paif  rm  |>tiil'!f im,  aivl  no  i  liafii;'‘A  arf 
muoitiv'ilcsl. 

7,1.4  l>a(a  Aiqnisilion 

iih  (I'f  Ku  iraiint  availal'iliiy  of  irlaiivf  Iv  h  w  1 0^1 1  iimpnirfi/fil  iiaia  a.  ijpiaiIiho 
M  vtnns,  Il  IS  lA's'.it'lf  Id  As  i  uiit'i’.i'r  l.iii'f  aiiHMinii  of  liipti  q  >  ility  f « (ii  i  hik  '.ul  I'an  »*  iiS 
liltlf  cfloit  lliia  pfoj;i.iin  Itaik  ailv,nil.ij:f  of  if.ti  ifi liiH'!.i>;y.  nui’j;  li»o  hmii>>iii  ia  io 
Aonifol  ihf  Ifsl  appaiii'"'  as  .juirf  an<l  Atoif  a  vffy  lai>;r  bit.i  imt  of  '^’Sf  aiist  inaii 
Apf| (roi.if If r  lUia  M  .unpuift  ay mciha  |»fi(-nnifil  ilir if  i onirnl  an  t  'laia  as  ij  11  Ml••ll 
fiiiK  tuaiA  Vfry  vif  II,  sJiif  alnioil  fnlirrly  to  ihf  availahilily  of  vf  Isahlf  I'lfim  arr  |ii  Nnh  I'lf 
M  aikj  maiA  ijvs  nimrifi  »yMf  mi  Ihf  ’Nf  ly \iriii  mfi  vmir  1*  aa  i'«  \f  iO|ift!  01  houif 
fiy  Imkiirrsl  poof  lo  I'na  priqiram,  hilf  ihf  man  '.(ifi  iionir irr  Ay.iftTi  Aofiaarf  «a< 
l>*ii\  haifil  I  omnifn  i.illy  II  n  (ifspifnlly  Ihf  i  a^f  ihal  a<  lviii>:  a  prolilf  in  m  oof  aira  i  rrair* 
•  Pfw  piol'Irni  in  anoihrr  arra  If  Ihis  \H%t.  ihf  ahiliiy  lo  at  ijHirf  la.pr  anM'unii  of  data 
pla«  fil  j’rral  dr  iTiatiiN  or  I'lr  d.Ha  fi  dm  ,imii,  ana'y  ha.  and  pi'n  nt  »fi.»n  f  <sl  1  1  hi  a  ni 

lA  doi  iiiird  in  ifir  (ollo-aing  Afi  imn 

7.1. .4  llala  KrdiMlion,  AnaliAiA,  aiiil  rrfAfnlali<>fi 

I  hf  in,i|i  If  01  f  I  all  s  "III  liii'iin  o.  f  .aidnijj  d.ita  |l■l!lu  'n'li  i  oni  n  pa  ilf  \tir  1  >f  ii'r 
pi,  >I,|,  111  ill  i  I  hr  In  Im  i.  ,il  I'l'  1 1.  n'ly  Ihf  l<  i|  in.  ih,  «l  |  1 1  >. !.  1.  c.  I  a  s  r  1  \  I  n  j  .1  ■  w  ..  i'|  1  f 

II  I  111  I  <  I'l  1 1  I'll  ..III  l,’(  M  .;i..l  nils  spi ,  1 1,  .III'  icr  (Ilia  a:  .1  1  a  i  .1  p  i*  .'  1  I  j  .  .  .■  1  .on.  p  1  v  r  i 

iiB  iir  1'  t!,i  I'l  I  II  o.  I  ul  11  si  il  s.) ,}.  .11  ,1  I  sii.  h  as  ri  iss  p'  .ill  i!  0 .1  11.  ; I  '  1  ,  -  '  s  1  i, ,  I  o i 

1 .1"  ,r  )  I  l.f  hi  I  <■  .1  I  .  Ir  III  f  sp.  .1  IP)’,  |hf  lull  I  II  ,1  siiini .1  i  . .  . ' I  '  .  .f  l'  -  n  >| 

ii.<l'..>.|  lA  I'lr  I  I-  k  (.f  a'l  'iil'.ios  f"f  pf  ih  .|  Hull  J[  |hf  Inl.itiA  In.i.’i'Bl  i!  ■»  I  il.iii.-ii 
p  .  B  ;  .  s  it.  s.  I .  •  B  .1  01  ,  I  ..,-'1  ^  II,-  f  1 1,  .|l  in^iiii  r  it  '.  >  il,  s  r  !  >  ii  a  i!  i  a  i  i  •  I  ,  1,  n 

a'j  .  n  1  I..  iiA,  "I  a- 1  )  '  I  f  •  ■  '.  ■)  '  <  •II''  I'  I.  I  I'l as  .1'  l.i'  V  II  ■  I  ss  ' ;  I  1  II. ..  I  'r  it  ,  ms  . .  n  . 
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fi't  (Kit  teta  mrtKcad  wtt  tttll  O'rttidr  (K*  'tinding  c«p*iiMr  of  thit  prugTK^a 
Bft  Mtr  (hr  til*  of  iK.t  ^tiNero.  M  Nat  m*  (x*o  pik  uKk  lu  iiKhMlr  at.y  of  th*  rt^Mwirii} 
nwu  tpr\  (T«ii*k  (*f  iX»iA  »•*  'h'»  orf»Ti  o»Krt  t*wii»  (K*  R  rttmpir  jivni  *n  Sm  ‘nio  5  ! 

IK*  N*\k  m«\i  owtturffurni  »•«  *>  *  uniutrtu'n  i«  »/  ny^K*  ik>  •»  fnwT»  ■ 

(JCAI  turf*.*  RfxJiK(H"t  i«*  fK<te  (liti  («» (•K.jin  ttupl*  lout  r"Ut  u»tt.  |.k»l 
!»(*,  ioJ  »ii»*iKn»«Mf  nutirnti  invcUrti  wnanrf-.gmmt  tJi'NnriK  .  woh 

iwlv  ct*T)p)M.a(Kin  bring  thai  (K*r*  »a*  nukt  larvliMn  ind  (Serially  nttt*  in  (h* 

froqiirni  y  Uata  iKan  haJ  bf*n  **p*i  (*4  Tb*  of  iKit  •%♦;%*  m  (S«  pry  -^wi  d*u 
hat  hr*n  tiMv*t»ful1v  mliKrO  by  tovyrat  iimpl*  a»»fl>v»r*  ntikliru  iiKxit  AtVIi.ional 

%^<i<i\in  ti»>l<(*i«  filiri'ng  i'vl  »<T><»>i('inj{  ti'fiitt'^  I  tn  It  ilrvrl.>)«t(  ai  if 

llarjMraiT  nyylifK  »iii*ot  n*  ^  linur.tif  noity  ai  Ht  to\i»>*  tfT  d'V  in  Sft  'i<>«  7  13  ll 

tNitiWJ  iVnrfi**  b*  pi*t»ibl*  (o  rfM«*vf  mnu  i»f  (h*  mm*  fnim  ih*  data  in  lb*  futur*  t»ii7v  b 
(lifTnutiy 

In  lh«  iiirrni  arpt'itiit  i«nrigiiia<ii<n  d*(a  (kquitiiion  and  data  rrdiMti<i«  at* 
pirfinmnd  uting  mto  a*pa«air  alg<*iiKnai,  toiUiannild  ni*  b*  rYdiHYd  ai  (b«  tarn*  inn*  ibM 
a  1**1  aat  bring  coiultMtrd  To  potform  daia  rT<}\K.n>n.  (h*  irt(  pri>fra'ti  bad  (o  b* 
iiXfmipmJ  I*  amkbrf  t  ^•’li'a(ll>l*  nwopifrf  had  a»  (»  l<n  aiftl  IV  •i'biii|*i  (o  ihit  poiMrin 
it  tOKtmbin*  til*  taoiiHlrt  to  jifi'itit  rt  il  (lO/*  YirtHMg  i^nil  |>fmi<iiil  of  (Mibrt*r»1  t^ ‘M 
data  l(  ft  alto  drtirabl*  (o  *v*niiially  ntfif*  tV  </  M  tmJ  matt  tprt  Wi'»n*iii  f  data 
ait|yititMin  and  rYitiK(ii*(  alfiwlihmt  ami  wt*  a  tiniU  uxnputrf  lyMam  f<«  (b*  rnt^* 
apparatui 

Tb*  form  of  ilrpotiiioo  data  (hat  (h*  Imbittry  It  mott  fandliaf  with  it  Voittilc 
Ciwtdrntabt*  Matrrtal  (V(  M)  an  lb*  daponitKai  data  in  th*  darahat*  ar*  prrtrnifd  n  (Kit 
fiwmat  Ibrwfvrf,  V(”M  data  art  a  fiinttn*n  of  th*  apptratut  liimpniiofii  at  tatll  at  tfi* 
otagatting  matroal  and  th*  turfait  of  (Vpittlibm  5!m  ii«*n  ^  I  tN*trt  iKaf  il  It  (*t  bn*  ally 
aimpi*  to  pnM*t4  ih*  VCM  data  ao  at  to  r*mi»v*  iMt  apparaii't  iVpenilmi*  llo^Yrr. 
I)i*4t  mat  intnrrii  i*n(  fiimlmi  to  mail*  th*  n*t*ttafy  nuabni  alxm  to  (K*  data  rttfia  lion 
aifbaar*  and  io  pnattt  all  of  iS*  irti  data  in  (hit  manner 

(‘largnitr'trrd  ffdi*  non  of  th*  f/TA/V^  data  flrti  mgnirti  iiKt*(thil  davrli^wn***  id 
(K*  <71  AiiXIt  i*tt  •>*  (Km  (II*  t|tiNloiit  |eak  it  rlmunatml  tmi  ili*  irtt  aiV>pia<*ly  pntfim>t  tia 
t  lirtytia'iif itpliM  t(Wi«  i*|  tfptrtnon  finv  lion  Aim.  |l»*  ilyr.trttu  rang*  of  (K*  matt 
t|<e«  In  Ml  ♦  ntiitl  ic  r  •  I*  tn  itial  lb*  ttliirtiion  o>*  nu  imii*riri1  in  lii*  p*T  intl 

trilt  a/r  #'iim»«ir<1  Altiiii'iri|  Ititl  |tir*e  pinlilr  lilt  t  an  it  r  I  iimiii*  ird.  iS*  ilf .  li  ll  t.'ii  III 
•r<aJ|rr*  ltir  f^  I  A  AI  \  il.illa  tnil  *  •  li  I  iti*  iiiAit  *Hg'ii*nM'i.  |•^!lrln  fi«  r*  h  »|M»  tf  %  r«i-  I 
I.'  lit*  •* lit  *y  <lr  III  I  lilt  t-  i"  n  i()iii*  n* r  tt  to  iir  lomti'ii'il  tii  it  i<  •  imijx  i  I'l*  <1«ia  in  a 
full  Ml  tiiiiiil  J*  fi0  »iiii  y  iiiiii  a  ilri  ini»i  ll•llt<«n  alga  nboi  f-a  n  unving  iKe  fi^,  imi/k  id  rai  h 
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species  in  the  total  isotheintal  outgassing  flux,  and  to  the  N6S  fragmentation  pattern  libraiy 
for  species  identification. 

There  is  no  incentive  to  use  the  GC7MS  data  in  a  quantitative  manner  because  the  mix 
of  species  evolved  in  the  GC/MS  test  is  not  the  same  as  that  evolved  in  the  vacuum 
outgassing  test.  Hence  the  GC/MS  test  presented  no  pioblem  in  data  reduction,  analysis, 
or  presenution  because  the  standard  data  provided  by  the  GC/MS  system  were  quite 
adequate.  Indeed,  if  the  test  procedure  and  software  described  in  the  previous  paragraph 
were  successfully  developed,  there  would  be  no  need  to  include  GC/MS  in  the  test  method 
since  species  identification  would  be  performed  using  QTA/MS  data  and  the  built-in  NBS 
library.  Since  development  of  this  technology  is  not  likely  to  occur  in  the  near  future  it  is 
planned  to  keep  GC/MS  in  the  test  method,  because  it  provides  useful  supporting 
information  at  minimal  cost 

7.2  RECOMMENDATIONS 

The  follotving  reconunendations  for  future  work  address  refinement  and  extension  of 
the  test  method  capability,  extension  the  database,  and  implementation  of  the  data  at  the 
program  level. 

7.2.1  Test  Method  Refinement 

7.2.1. 1  Hardware  Modifications 

The  90  K  QCM  should  be  replaced  by  a  QCM  whose  design  permits  the  crystal  to  be 
heated  without  heating  the  housing.  ITte  other  three  QCMs  should  also  be  replaced  if 
funding  is  available,  but  this  modification  is  not  as  critical. 

The  current  temperature  controllers  should  be  replaced  by  voltage  modulated  dc 
supplies. 

The  themial  design  of  the  apparatus  should  be  refined  so  as  to  minimize  heat  transfer 
from  the  ambient  surroundings  to  the  colder  components.  Reduction  of  heat  leaks  will 
reduce  liquid  nitrogen  consumption  and  thermal  cross  talk  between  QCMs  and  stnictunil 
components  during  QTA. 

The  mass  spectrometer  system  controller  software  should  be  modified  so  that  the 
electrometer  sensitivity  can  be  changed  during  a  test  so  that  the  system  does  not  saturate 
when  measuring  the  more  abundant  peaks  but  is  still  able  to  monitor  minor  peaks.  'Also, 
the  data  acquisition  software  should  be  modified  so  that  data  measurement  sensitivity 
changes  are  automatically  adjusted  for  in  the  data  rcdiTiion  and  presentation  procedures. 

To  a  practical  extent,  the  test  chamber  should  be  modified  to  permit  the  test  sample 
and  the  surfaces  of  the  collector  QCMs  to  be  exposed  to  ultraviolet  radiation,  protons, 
electrons,  and  atomic  oxygen  to  determine  the  effect  of  the  total  space  environment  on 
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outgassing  «od  dqwsition  kinetics. 

7.2.1.2  Data  Reduction  and  Presentation 

A  more  sophitticaied  data  filtering  and  smoothing  subroutine  should  be  added  to  the 
QCM  data  reduction  algorithm.  A  curve  fltting  capability  should  also  be  added  so  that  the 
data  can  be  presented  in  a  form  mote  diiecdy  usable  by  the  modeling  community. 

The  QCM  dau  acquisition  and  reduction  algorithms  should  be  combined  so  that 
reduced  dau  can  be  viewed  during  a  test,  and  test  dau  can  be  made  available  immediately 
following  a  test 

The  QCM  and  mass  spectrometer  dau  acquisition  and  reduction  software  should  be 
integrated  to  permit  single  computer  control  and  closure  of  the  complete  dau  reduction 
without  the  need  for  manual  intervention. 

7.2.1.3  QTA/MS  Development 

When  the  recommended  changes  to  the  QCM,  temperature  control  power  supplies, 
and  mass  spectromeur  dynamic  range  are  implemented,  the  QTA/MS  test  should  be 
levaluated  to  determine  the  degree  of  improvement  that  they  nuke  to  the  qrecies  separation 
capability  of  QTA/MS. 

The  development  of  the  QTA/MS  test  as  an  ar.a]ytical  chemisoy  tool  should  be  further 
investigated,  independently  of  itr  use  in  the  outgassing/deposition  lest 

7.2.1.4  Individual  Species  Outgassing  Rates 

If  the  recotiunended  development  of  QTA/MS  successfully  provides  adequau  mau 
ftagmenution  pattern  dau  for  the  individual  species,  an  algorithm  should  be  developed  for 
deconvoludng  the  isothermal  outgusing  test  nuss  spectrometer  dau  so  u  to  resolve  the 
outgassing  rates  of  the  individual  species.  Commercially  available  deconvolution 
algorithms  may  possibly  be  used  for  this  purpose,  either  directly  or  with  minor 
modifications. 

7.2.2  Database  Extension 

7.2.2.1  Consolidation  of  Existing  Data 

The  existing  daubase  should  be  consolidated  by  reducing  the  dau  that  were  measured 
under  the  present  program  but  which  could  not  be  reduced  because  of  funding  limiutions. 
This  includes  the  following  tasks: 

(i)  Further  process  the  150  K,  220  K.  and  298  K  deposition  rau  dau  to  express 
them  in  an  apparatus  geometry-independent  form,  such  as  instantaneous 
evaporatioi.  rate  as  described  in  Section  5.1. 2.2.2. 

(U)  Reduce  and  present  the  QTA/MS  dau  for  all  maieriHls  and  tests  in  a  manner 
similar  to  that  performed  for  R«2560  and  described  in  Section  5.2 . 

(iii)  Reduce  and  present  the  individual  species  outgassing  rate  dau  for  all  nuterials 


and  test  temperatures  in  a  manner  similar  to  that  perfonned  for  R-2560  at  I25**C 
and  described  in  Section  5.3 . 

7.2.2.2  Extension  of  Database  Parameters 

An  exploratory  program  should  be  established  to  assess  ti>e  effecu  of  the  space 
radiation,  panicle,  and  atomic  oxygen  environments  on  material  outgassing  and  deposition 
kinetics.  The  objective  of  the  exploratory  program  would  be  to  determine  whether  the 
magnitude  of  these  effects  is  sufficient  to  make  it  advisable  to  establish  an  extended  data 
measurement  program  to  characterize  them,  and  to  help  define  a  logical,  practical 
measurement  program.  The  exploratory  program  should  be  coordinated  with  other 
programs  currently  addressing  this  general  area,  such  as  the  Aerospace  Corporation 
progrtm  to  study  photolytic  effects. 

If  the  exploratory  program  indicates  that  space  environmental  effects  on  outgassing 
and/or  deposition  are  significant  enough  to  make  formal  characterization  necessary,  an 
appropriate  sysiemadc  measurement  program  should  be  established. 

7.2.3  Technology  Insertion 

The  outgassing/deposition  database  .supports  a  systematic  approach  to  contamination 
control.  A  typical  example  of  the  systematic  approach  was  described  in  Section  1.2  and 
Fig.  M.  Incorporation  of  the  database  into  a  systematic  approach  should  be  perfonned  e« 
part  of  a  comprehensive  effort  to  complete  and  consolidate  all  of  the  technology  needed  to 
esublish  such  a  methodology,  The  following  actions  are  recommended  for  insertion  of  the 
daubase  into  a  comprehensive  systematic  conumination  control  methodology,  and  for 
establishing  the  methodology. 

7.2.3.1  Industry  Workshop 

An  industry  workshop  should  be  held  on  modeling  the  generation,  transport, 
deposition,  and  optical  effects  of  outgassing  products;  its  purpose  would  be  to  present  the 
results  of  this  and  other  Air  Force  programs  to  the  conutminadon  modeling  community  and 
to  give  guidance  on  how  best  to  present  and  extend  the  database.  The  workshop  should  be 
scheduled  soon  after  the  completion  of  this  report. 

7.2.3.2  Consolidation  of  Prediction  Technology 

The  Air  Force  should  establish  a  program  to  correlate  and,  where  possible, 
consolidate  all  existing  on  orbit  molecular  coritamination  prediction  technology.  This  effort 
should  be  undertaken  jointly  with  NASA.  Tlie  scope  would  cover  characterization  of 
material  outgassing,  plume,  and  liquid  dump  sources;  transport  modeling  codes  for  plume 
flow,  free  molecular  flow,  molecular  backscatter,  etc.;  impinging  flux  deposition  models 
and  data;  and  optical  effects  of  contaminants,  including  reflectance,  transmittance,  and 
fcattet',  at  all  relevant  wavelengths  and  at  ambient  and  cryogenic  temperatures.  Such  an 


effort  would  identify  deficiencies  in  the  technology,  prevent  duplicniion,  end  help  identify  t 
future  unified  couise  of  action  to  complete  the  needed  technology  development  One  of  the 
recommended  courses  of  action  should  be  to  csublish  the  program  described  in  the 
following  paragraph. 

7.2.3.3  Standard  Model  Development  and  Verification 

The  molecular  transport  models  used  by  the  industry  are,  in  general,  prc^etary  and 
are  not  standardized.  Hence,  different  organizations  will  predict  oifferent  rates  of 
contamination  accumuladon  for  the  same  system  even  though  they  use  input  data  fitom  the 
same  database.  It  is  highly  desirable  that  these  models  either  be  standardized,  or,  as  a 
minimum,  be  compared  with  each  other.  One  possible  way  to  compare  models  is  via  a  type 
of  round  robin  prediction  test  A  typical  set  of  spacecraft  spedficaiions  could  be  prepared 
and  organizations  could  be  invited  to  predict  accumulation  on  various  surfaces.  If  the 
differences  between  the  various  predictions  are  serious,  then  the  need  to  develop  a  single 
standard  model  would  be  demonj&aied. 

The  major  deficiency  in  prediction  technology  is  the  almost  complete  absence  of 
comparisons  between  predicted  and  actual  on-orbit  contamination  levels.  A  program 
should  be  esublished  to  systematically  compare  prediction  with  measuremenL  The  first 
phase  of  the  program  would  perfonn  measuiements  on  a  mockup  satellite  in  a  vacuum 
chamber.  After  model  verification  on  the  ground,  a  second  phase  would  measure  on  orbit 
accumulation  rates.  On  orbit  rates  are  currently  measured  on  some  spacecrafi.  but  the 
number  of  sensora  used  is  invariably  small,  and  no  comparisoni  are  made  wiiH  preflight 
predictions. 

7.2.3.4  Insertion  Into  Programs 

The  Air  Force  should  require  analyses  of  system  contamination  sensitivity, 
predictions  of  contamination  levels  anticipated  from  all  sources,  and  contamination  control 
developed  to  a  level  of  detail  TBD  to  be  provided  a  CDRL  item  at  PDR  and/or  CDR. 
The  CDRL  requirement  could  call  for  use  of  specific  computer  models  and  daabases.  The 
currently  inqwsed  requirement  that  materials  must  have  TML  and  VCM  values  less  dun  1.0 
and  0.1  percent,  respectively,  establishes  the  precedent  for  placing  contamination  control 
requirements  in  a  contract  statement  of  work. 
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Appendix 

MATERIAL  DATABASE 


This  Appendix  contains  outgassing/depositioii  data  for  the  20  sample  materials  tested 
during  the  Air  Force  Wright  Aeronautical  Laboratories  contractual  program 
F33615*82*C-S025,  entitled  "Characterization  of  Contamination  Generation  Characteristics 
of  Satellite  Materials".  Section  A.  I  describes  the  contents  and  presentation  of  the  database. 
Section  A.2  contains  the  database  itself.  The  database  is  preceded  by  an  index  describing 
where  the  test  data  for  these  materials  are  located  in  the  Appendix.  The  Appendix  and  the 
material  test  matrix  are  discussed  in  more  detail  in  Section  6  of  the  final  report  text 

A.1  DATABASE  PRESENTATION  AND  CONTENTS 
A.1.1  Materials  Tested 

Table  A- 1  describes  the  materials  tested  and  their  manufacturer  or  other  source. 

A.1.2  Test  Summary 

With  minor  exceptions  as  noted  in  context  the  following  measurements  were 
conducted  on  each  material  as  part  of  the  outgassing/deposidon  test 

(i)  Material  samples  were  weighed  ex  situ  on  a  laboratory  balance  before  and  after 
the  isothermal  outgassing  test. 

(ii)  The  outgassing  rate  and  mass  loss  of  an  isothermal  sample  were  measured  as  a 
funcUon  of  dme  by  coliecung  outgassing  products  on  a  liquid-niuogen -cooled 
QCM.  All  samples  were  tested  at  125'’C  and  75°C,  while  some  materials  were 
also  tested  at  a  third  terrperanire  of  either  25^  or  lOO^C 

(iii)  The  outgassing  flux  was  monitored  by  mass  spectrometer  during  the  isothermal 
outgassing/deposirion  test. 

(iv)  The  deposition  rates  of  outgassing  products  from  the  isothermal  sample  on  . 
surfaces  at  ISO  K.  220  K,  and  298  K  were  measured  by  simulating  these 
surfaces  with  QCMs. 

(v)  Following  the  isothermal  test.  QC74  thermal  analyses  (QTA)  were  consecudvely 
made  on  the  outgassed  products  condensed  on  each  of  the  QCMs. 

(vi)  The  flux  evaporating  from  the  QCMs  during  QTA  was  monitored  by  a  mass 
spectrometer  (QTA/M.S), 

(vii)  Ex  situ  gas  chromatography/mass  spcciromeuy  (GC/MS)  analyses  of  the 
materials  were  performed  for  sample  temperatures  of  liS'C  and  200®C. 
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Table  A-1 

Sample  Material  Data 
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A.1.3  Test  Data 

The  test  dau  for  each  material  consist  of  a  Test  Information  Sheet  followed  by  a  set  </ 

graphical  and  tabular  data. 

A. 1.3.1  Test  Information  Sheet 

The  Test  Information  Sheet  (TIS)  conuins  the  following  information  pertinent  to  the 

testing  of  a  panicuiar  material. 

•  Material  Tested:  The  material  tested  is  identifled  by  iu  commonly  used  nante.  A 
nnoie  detailed  description  of  tlie  material  is  given  in  Table  A*l.  Additional  material 
information  is  provided  in  the  Comments  section  of  the  TIS. 

•  Date  Test  Started:  The  date  on  which  the  test  was  started  is  provided  for  histcrical 
and  traceability  pu: poses. 

•  GC/MS  Data  Files:  The  codes  identifying  the  computer  files  on  which  the 
GC/MS  data  are  permanently  stored  are  given. 

•  Material  Sample  Data:  The  test  sample  surface  area,  the  pre-test  sample  weight* 
and  the  ex  situ  tout  mass  loss  determined  from  the  dilTerence  between  pre-  and 
post-test  weighings  are  given. 

•  Isothermal  Test  Data:  The  duration  of  the  isothermal  oulgassing  and  deposition 
portion  of  the  test,  and  the  codes  identifying  the  computer  files  in  which  the  QCM 
mass  accumulation  and  mass  spectrometer  ion  count  data  are  stored  are  given.  >M)eie 
the  test  duration  given  is  less  than  five  days  the  outgassing  rate  reached  a  virtually 
constant  or  negligible  value  by  the  time  indicated. 

•  QCM  Thermal  Analysis  Data:  The  codes  are  given  which  identify  the  computer 
files  in  which  the  QCM  (hermogravimetiic  analysis  (QTGA)  and  mass  spectrometer 
ion  count  data  obtained  during  QCM  thermal  analysis  (QTA/MS)  are  stored. 

•  Comments:  This  section  contains  additional  data  and  comnwnts  unique  to  the 
specific  material  tested,  the  test  sample,  or  the  conduct  of  the  test  If  the  required 
comment  it  lengthy  or  if  a  comment  is  common  to  more  thar.  one  materiJ  test,  this 
section  will  refer  the  reader  to  a  numbeied  comment  in  Section  A.1.4.  In  the  absence 
of  an  industry  standard  numbering  system,  the  Lockheed  Engineering  Purchase 
Specification  (EPS)  number  is  given  for  the  test  material  when  available  in  order  to 
establish  material  source  traceability.  The  EPS  number  is  part  of  the  Lockheed  Raw 
Material  Convenience  Number  .*?ystem,  which  identifies  a  materinl  by  a  »evcn-d:git 
number  describing  its  peculiar  characteristics  (type,  class,  dimension,  supplier,  etc.). 
Lockheed  EPS  numbers  exist  for  most  materials  in  current  use  in  the  aerospace 
industry,  but  are  no:  as.signed  to  developmental  materiali. 
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A. 1.3.2  Griphicil  and  Tabular  Data 

The  following  test  dau  are  presented  in  grapnica)  or  ubilar  form  for  each  material. 

•  Mass  I.oss/Drpusilion  Data:  The  following  QTM  measured  outgassing  and 

deposition  kinetics  data  are  pits'.ntcd  for  each  sample  tempcniure: 

•  Total  Mass  Less  as  a  function  of  test  time  during  the  isothem.a]  outgassing  test 
as  detefmi'.ed  by  the  total  nas$  accumulation  on  the  90  K  QCM. 

•  Total  Outgass.ng  Rate  as  a  function  of  test  time  dunng  the  isothermal 
outp.issing  test  as  defemuned  b"  the  ra'e  of  accumulation  on  the  90  K  QCM. 
Volatile  Condensable  Material  as  a  function  of  test  time  during  the  isothermal 
outgassing  test  as  deiermi  d  by  the  ma.ss  accumulahon  on  the  150  K  QCM. 

•  Volatile  Condensable  M  xrial  as  a  function  of  lest  tinie  during  the  isothermal 
outgassing  test  as  detem  .ed  by  tlie  ma.ss  accumulation  on  the  220  K  QCM. 

•  Volatile  Condensable  Material  as  a  function  of  test  time  during  the  isothermal 
outgassing  test  as  determined  by  the  mass  accumulation  '>n  the  298  K  QCM. 

•  Mass  Rem’.ining  on  the  90  K  QCM  (Fractional  Condensable  Material)  as  a 
function  of  QCM  temperature  during  the  QCM  thcrmogravimetric  analysis. 

•  Evaporation  Rate  from  Lhc  90  K  QCM  as  a  function  of  QCM  irmpcrature  during 
the  (JCTM  iliemiogrivimetric  analysis. 

GC/M.S  Data:  The  following  GC/MS  data  are  presented  for  sample  temperatures 

on25"Cand  200“C: 

•  Quantitation  Report  including  the  pcrccnicge  of  each  cpecics  found  in  the 
GC/MS,  the  scan  time  at  which  the  species  was  detected,  and  the  chemical 
identity  of  the  species  when  possible. 

•  Plot  «'f  the  Amount  of  CoIIccccd  VolaiLv..  Remaining  in  the  GC/MS  Colum.i  at 
■  function  of  scan  lime. 
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A.1.4  Test  Information  Sheet  Annotations 

The  following  notes  are  referred  to  in  the  Comments  section  of  the  TIS. 

*  Note  i:  The  initial  and  final  ex  sit>:  weights  of  the  Krytox  143  AD  oil  sanple  were 
not  nxasuitd  at  (he  time  of  testi'ig.  In  the  curly  stages  of  the  measurement  program  it 
was  felt  that,  since  the  rate  of  mass  loss  of  liquids  depended  upon  free  surface  area 
rather  than  mass,  reporting  of  percent  mass  loss  would  not  be  relevant  for  these 
materials.  Later  in  the  program  it  was  decided  that  penx  M  mass  lo^s  data  should  be 
presentMl  for  all  materials  in  the  interest  of  dau  consistency.  At  this  later  time  the 
absolute  weight  loss  for  Krytox  I43AD  could  be  determined  from  the  QCM 
accumulation  data,  but  (he  initiul  weight  had  to  be  estimated  since  the  origins!  sample 
had  been  disposed  of  by  that  time.  An  estimated  weight  was  determined  based  on  the 
density  of  the  material  and  the  volume  of  die  holder,  and  was  checked  by  refilling  the 
sample  holders  with  Krytox  oil  and  weighing.  The  accuracy  of  this  weight  estimate 
is  belir/ed  to  be  about  ±  IC  percent. 

•  Note  2;  The  DC  Q9-631 3.  ArertKO  569  and  LMSC  1 170  thermal  control  coatings 
were  supplied  by  Lockheed  Space  systems  Division  (SSD)  Materials  and  rrocessei 
Engincenng.  The  coatings  were  supplied  already  sprayed  on  aluminum  substrates, 
whose  weights  were  unit.  own.  In  order  to  measure  me  substrate  weights,  and  hence 
determine  the  initial  weight  of  the  coating  alone,  the  substrates  were  cleaned  by 
chemically  and  mechanically  removing  the  wadngs  after  the  ouigassing  tests  had  been 
performed.  Because  of  the  destructive  mai.uvr  of  coating  removal  there  are 
uncertainties  in  the  original  substrate  weights  dcte  mined  in  this  manner,  which 
decrease  the  certainly  In  the  initial  coating  weights  to  ilO  percent. 

*  Note  3: ,  Accurate  ex  situ  mass  toss  data  are  not  available  for  some  oils  or  grrases 
because  of  spillage  from  the  saniple  holders.  This  problem  was  eliminated  in  liter 
lesis  by  using  trwre  stable  sample  holders.  The  test  was  not  repeated  because  the  ex 
situ  truss  loss  wri  not  considered  to  he  a  critical  data  item  foi  oils.  (See  also  Note  1) 

•  Note  4:  Film  triaierial  absorb  water  vapor  very  rapidly  upon  post  test  exposure  to 
the  atmosphere.  Ixjiiiliriraiion  of  these  films  to  the  omNent  humidity  after  removal 
from  the  vacuum  ch.mib;r  prevented  ineaniiij’iul  post  test  weights  finm  being 
obulned. 
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•  Note  5:  GCVMS  test  results  ire  not  ivai'nble  for  Briyco  8157,  oil,  Dnycotc  600 
grease.  DC  0*^  bil  l  tNemial  contrxil  toating,  Arcinco  569  thermal  controi  coating, 
and  l.MSC  1 17()  (hemal  control  co.uii.g.  GCAlS  tests  ssc'e  petformed  on  these 
sanplcs  between  July  |9X6  and  July  1987  concurrently  with  the  outgassing  tests.  At 
that  time  the  m.inncr  in  which  the  G'VMS  test  data  would  he  incorporated  in  tl.e  test 
methtid  had  not  been  finally  established  so  the  data  w/ere  stored  in  the  GCA1S 
computer  fw  later  retrieval.  By  tnc  hue  the  utility  of  the  t  iCAtS  dau  had  been  hcitcr 
defined  .Mime  d,-ita  had  been  inadvertently  discar.led  during  the  thenll^.|^y  department 
annual  coiii['uier  siorage  hotisckeep'ng.  Since  representative  samples  of  these 
materials  listed  were  no  longer  avail  iMe  the  tests  could  not  be  repeated.  The  data 
from  the  original  GCAlS  lest  on  Kr)tos  141AD  was  also  lost  in  this  manner,  but  a 
sufTicieni  quantity  of  the  original  sample  of  this  material  was  still  available  for  retest. 

•  Note  6:  This  program  was  the  first  field  application  of  the  newly  developed 
Teknivent  software  for  controlling  the  Bai/ers  mass  spectrometer  with  an  IBM  1  C 
computer,  and  so  v»mc  developmental  pmbicms  were  encounieird.  Because  of  ll  *sc 
proble.'.is  the  mass  spectrometer  was  inoperative  at  the  lime  that  Brayco  815/, 
R.iycote  600  and  Kryto*  I43AD  were  scheduled  to  be  tested.  GCAlS  analy  .is  <  f 
these  rruiterials  prior  to  the  outgassing  test  had  shown  that  tneir  outgassed  podr'-is 
consisted  of  fluorocarbon  (C*Fy)  species  with  a  wide  and  essentially  continuous 
range  of  molecular  weights,  with  no  uniijuely  idcntifiaMe  species.  Bcc.iuse  of  the 
absence  of  clearly  identifiahle  species  it  was  frit  that  minimal  additional  useful  data 
would  be  gained  by  delaying  the  lest  schedule  until  the  moss  sprctjvmeter  system  was 
fully  opentiofial,  and  so  these  materials  were  tested  w  ithout  the  mass  sjettrometw. 

•  Note  7:  DC  09  6513,  Aremco  569  and  LMSC  1 170  tliemial  conciol  co,uings  were 
tested  during  the  early  part  of  the  test  program  while  familiarity  with  cap.ibililics  of 
the  mass  tp^trometer  and  its  software  was  still  being  gained.  As  a  result,  the  system 
sensitivity  was  not  fully  ulilircd  during  these  there  material  tests.  (See  also  Note  6) 

•  Note  8:  A  fonnal  Qs'M  tficmiogr,ivimffric  ari.ilysis  (QTGA)  w.is  not  perhumed  on 
all  of  the  higher  icmperatuie  QtAls  (i  c.  1.50  K.  270  K.  ami  298  K)  if  there  was 
minimal  or  no  deposit  on  them  at  the  end  of  the  isoih'’nn.iI  oi-tgass.ng  test.  I  Jowfvrr, 
all  M* alw.iys  heated  to  l.’.5'’Cnt  the  ends’f  alrvitornMiiclh.it  thcrewns  no 
cofiiaitiinniil  residue  on  ilirm  Ivfiirr  st.inu'g  the  nest  test. 
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Not*  9i  Malfunctiont  in  the  tuiomattc  cortrollen  uned  to  nuinuin  liquid  nitrofen 
levcU  in  the  rt%ervoin  and  failuret  in  the  liquid  nitrogen  supply  dewart  have  been 
been  responsible  for  occasional  test  interruption  or  truncution.  These  events  have 
been  noted  in  the  T*m  Information  Sheets  under  the  generic  description  of  "liquid 
nitrogen  failure  '. 

Note  10:  In  early  July  1987,  a  bearing  failure  caused  the  internal  destruction  of  the 
turhomolecular  pump  used  for  evacuating  the  effusion  cell  interlock  chamber.  A 
replacement  for  this  pump  was  not  avaih'ble  until  October  1987.  During  the  inienm 
the  intcrUvk  chamber  was  evacuated  using  only  the  mechanical  pump.  The  mairnals 
tested  dunng  this  penod  including  1-MSC  1170  ihemial  control  coating,  DC  0.0 .1 
thermal  control  coating,  VacKote  MI.D  73-91  oil.  RTV  adhesive  and  DC  9.1500 
adhesive. 
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Fig.  A- 1  Total  Mass  Loss  and  Outgassing  Rate  as  Functions  of  Time  for  an 
R-2360  Sample  at  125®C. 
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Fig,  A-3  QTOA  Data  for  Outgassing  Products  Collected  on  the  90  K  QCM  from 

an  R*2500  Samnie  at  125*’C  Moss  of  Collected  Outgassing  Products 
Remaining  on  tne  QCM  and  Evaporation  Rate  from  the  QCM  as  Functions 
of  Temperature, 
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Total  Mass  Loss  and  Outgassing  Rate  as  Functions  of  Time  for 
R-2560  Sample  at  75®C 


150KCCM 


220KQCM 


298KQCM 


Volatile  Condensable  Material  on  Collector  QCMs  at  150  K,  220  K, 
and  298  K  as  a  Function  of  Time  for  an  R-2560  Sample  at  75°C. 
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Fig.  A-6  QTGA  Data  for  Outgassing  Products  Collected  on  the  90  K  QCM  from 
an  R-2S60  Sample  at  75''C.  Mass  of  Collected  Outg'tssing  IVoducts 
Remaining  on  the  QCM  and  Evaporation  Rote  from  the  QCM  as  Functions 
of  Temperature. 
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Table  A-2 


GC/MS  Data  for  R.2S60  at  125°C 
Quantitation  Report 


• 

SCAN  TIME 
(K) 

AMOUNT OF 
DETCCTED  SPECIES 
(peRCM) 

SPECIES  IDENTinCATlON 

73 

1.14 

CO2  artifact 

75 

2.20 

CF2a2 

79 

0.24 

n-butane 

in 

44.40 

n*propaiK>l  k  benzene 

?22 

0.21 

toluene 

269 

0.74 

hexamethyl  cyclooisiloxane 

306 

OJl 

xylene  isomer 

410 

1.07 

octamethyl  cycloteirasiloxane 

in 

4.7* 

decamethyl  cyclopenusiloxane 

622 

I4..>8 

cctanoic  acid  k  dodecamcthyl  cyclohexasiloxanr 

730 

0.43 

dibutyl  diprepyl  silicate 

75« 

1.61 

Ktiadccarnethyl  cycloheplasiloxane 

S21 

I8J2 

dodocanocacid 

848 

1.77 

hexadecamethyl  cyclooctasiloxane 

862 

0.28 

iimilar  to  dodocattoic  acid 

897 

0J9 

siloxane 

913 

0.54 

unspecified  silicone  (alxyl  silicate  7) 

933 

0.60 

octadouunethyl  cyclononasiloxane 

964 

1.56 

intpeciOed  silicone  (alkyl  01’  aryl  ailicate  7) 

1008 

0.30 

siloxane 

1030 

2A1 

oonmethyl  cycludecasiloxane 

1076 

0.17 

1102 

IJ7 

doouamediyl  tycicundreasiloxane 

1182 

0.21 

tetracosamethyl  cyclododecasilacane 
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Table  A-3 


GC/M$  Data  for  P.-2560  at  2(K1»C 
Quantltali;^n  Report 


SCAN  TIME 
(K) 

AMOUNT  OP 
DETECTED  SPECIES 
(pamt) 

SPECIES  IDENTmCATTON 

&) 

0J8 

002  artifact 

75 

2.13 

o^Mtane 

104 

24.77 

B-prapml 

143 

2.04 

taium 

389 

0.71 

octanxthyl  cyclrteaniloune 

SCO 

2.39 

deamethyl  cyclopematitoune 

521 

0J3 

tikMune 

550 

5j01 

i.ainoicacid 

596 

30.25 

alkyl  aiicaie  7 

657 

IjOS 

dscanocacid 

716 

0.93 

temdecamelhyl  cyclolirpiatiloune 

768 

103(6 

dodecaiMir.acid 

806 

047 

heudecamelhyl  cycloucMiloxane 

870 

243 

leaadecamica^ 

919 

244 

pitenyl  methyl  tiloiano 

96: 

0.72 

coaan<eihyl  cydcdecaailaiane 

980 

349 

pheayl  mcih^  tUoune 

1025 

047 

doooaamethyl  cydoundecaalmuM 

1045 

047 

phenyl  methyl  tilorane 

1049 

146 

phenyl  methyl  liloiane 

1086 

040 

1127 

IjOI 

phetr/l  methyl  tUowte 

1159 

047 

heiaooaamethylcycloeidecaiiloxane 

1226 

1.10 

phenyl  meih. '  ailoune 

1253 

OAO 

octacocameihylc^loMraifecaaiucanD 

1354 

0.79 

pheiyl  meth^  tlloiane 

1382 

044 

eiacoumethylcyctopentadecatiloune 

1484 

245 

MW  456  aromatic  acii 

1535 

048 

unknown 

1565 

0.44 

unknown 
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AMOUNT  OF 


0  200  400  «00  sno  lOUO  1200  1400  l(/» 

.SCANTIMIl  (*PC) 


FJ«,A.7  Ainouni  ill  ColW  ifd  Volatile*  Rrin(iinin|  in  OCyMS 
Coloinn  fAMP  R.2Vi0  «  12.7X'  tnd  2nirC 


lEyn^fQRMATlQa 


MATERIAL  TESTED  :  RTV  566  adhesive 

DATE  TEST  S'f  ARTED  ;  Scrtcmhcr  15. 1987 

GC/MS  DATA  FILF.S : 


1 25%:  Teat:  JG27ALC87B 

2t>0%:Test:  JG27AUG87C 


Test  Tempcritiin:  (*0 


125  75 


MATERIAL  SAMPLE  DATA : 

Area  (cm^)  8.55  8.55 

Weight,  pretest  (fi)  15.90798  15.67280 

Touu  mast  lost  (%)  0.26  0.11 

ISOTHERMAL  TF,ST  DATA : 

Test  da*4tk>fl  (h)  51  4? 

OCM/Tenvfnituit  Data  File  G0915  tj0923 

Nlau  SnA:trometcr  Dau  File  ”  ” 

QCM  THERMAL  ANALYSIS  DATA  : 

QCM/TenveraPire  Dau  File  009 18Q  00925Q 

Mast  Specmmeter  Dau  File  •  . 


COMMENTS : 

•  nv.terial  it  a  low-temperature,  controlled-voiatility  tiliconr  compound  produced  by 
Ceneral  Electric  Co. 

•  LMSC  EPS  #  40-203-0050161 

•  tamplet  supplied  by  C.C.  Chappell,  LMSC  Material  A  Prorett  Lahoratoriet  ((V48  92) 

•  sample  holders  were  aluminum  tubes  1 .0  inch  long  by  0.375  inch  I.D. 

•  sample  oonriguraiiort  (I25X’  test);  6  Al  tubes  rilled  with  sample 

•  sample  connguraiion  (75X  test):  6  Al  tubes  Tilted  with  umole 

•  interlock  chamber  evacuated  with  inechanical  pvmp  (Note  10.  Sec.  A .  1 .4) 

•  mast  tpecm^meier  scanning  'tVe  10  to  400 

•  no  OTA  performed  on  298  K  QCM  after  1 25*C  Isothermal  Test  (Note  8.  Sec.  A.  1 .4) 

<  no  OTA  performed  on  298  K  afta  75°C  Isothermal  Test  (Note  8.  Sec.  A.  1.4) 

•  1 25*C  Isothermal  test  teminaied  when  chamber  was  accidentally  vented  to  atmosphere 
effusion  cell  was  removed  and  samples  were  weiphed 

chamber  remained  in  low  vatuum  condition  with  (X^*  correvt  lemperatures  for  4  hrs 
high  vacuum  was  then  restored  and  chamber  was  allowed  to  equilibrate  for  15  hrs 
ouigasting  conisminanis  from  isothermal  test  were  still  or  (X'Ms 
500  Mz  of  coot.iminant  (pmhahly  water)  accumulatfd  on  (XM  #1  dining  down  time 
essentially  no  change  In  fmjocncy  for  the  other  three  QCMs  during  duwn-lintc 
QCM  thcrmogravimctric  analysis  proceeded  Oi  iionTUl 
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n«t  ti«  ifcri 


1 1  f  iH^I  I  ami  (  Nil  i;  iia  ai  I  iim  ihh  I'f  I  mif  t«*  *ii 

k  I  V  V-tt  ‘iAiii)i|r  at  IV  {' 


Fig.  A‘l 3  QTOA  Data  for  OuigacainE  Products  Collected  on  the  90  K  QCM  from 

an  RTV  566  Sample  at  75%.  Mau  of  Collected  Outgaaiinu  FTOducti 
Remaining  on  the  QCM  and  Evaporation  Rate  from  the  QCM  ai  Functions 
of  Temperature. 


Tabic 


GOMS  Data  for  RTV  S6C  at  125«C 
Quantitation  Report 


SCAN  TIME 
(ftc) 

AMOUNT  OF 
DEreClTD  SPECIES 
(pocou) 

species  identification 

93 

4.91 

C02aftiract 

100 

13.73 

eihanol 

136 

1A2 

butanol 

823 

74.96 

mknoMi 

1199 

4.78 

attiSKi 

A>26 


Table  A.5 


GC/MS  Data  for  RTV  566  at  200X 
Quantitatkai  Report 


• 

SCAN  TIME 
(«) 

AMOUNT  OF 
DETECTED  SPECIES 

(pCKOt) 

SPECIES  IDENTIFICATTON 

138 

0.78 

butanol 

179 

1.09 

1  •butanol 

295 

0J8 

hexaniethyl  oxlotrisilaauoe 

405 

0.26 

510 

OM  - 

523 

0.65 

569 

0.90 

octanoicadd 

648 

024 

693 

12.05 

decanoicadd 

815 

56.14 

dodecanoic  add 

825 

11.45 

unknown 

830 

0.17 

913 

1.00 

919 

4J52 

taiiadecanoic  add 

1030 

0.86 

1200 

OJO 

1214 

024 

A.27 
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0  200  400  600  800  1000  1200  1400  1600 

SCANTIMB  (nc) 


0  200  400  600  800  1000  1200  IiOO  1600 

SCANTIMB  (*ee) 


Pig.  A*14  Amount  of  Collected  Volatiles  Remain  ng  in  CCVMS 
Column  from  RTV  566  at  125*C  and  2  iTC 
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MATERIAL  TESTED :  DC  93>500  idhrdve 

DATE  TESl'  STARTED  :  Sq)tcmbcr  28, 1987 


GC/MS  DATA  FILES : 

125«CTest:  KN28SEP87B 

20(y*CTcsi:  1CN28SEP87D 


Test  Ten^Kraane  (*Q 
125  75 


MATERIAL  SAMPLE  DATA : 

Areafcm^) 

8J5 

8.55 

Wei^t,  pretest  (g) 

Total  mass  loss  (%) 

11.40281 

1134696 

0.08 

C.07 

ISOTHERMAL  TEST  DATA 

Te$tduratioa(h) 

48 

49 

QCM/Temperiuure  Data  File 

O092S 

GlOOl 

Mass  Specooroeter  Data  File 

n 

m 

QCM  THERMAL  ANALYSIS  DATA : 

(^CM/Temperature  Data  File 

G0930Q 

O1003Q 

Mass  Spectrometer  Data  File 

w 

COMMENTS: 

•  Doaierial  is  a  two-cctnponent,  controlled  volatility,  room  tempcntuTe  vulcanizing  (RTV) 
silicone  a^esive  produced  by  Dow  Coming 

.  LMSCEPS#40>188-0010245 

•  tangles  supplied  by  CC  Chappell,  LMSC  Material  &  Pnxen  Laboratories  (0/48-92) 

•  sample  holders  were  aluminum  tub^  1.0  inch  long  b^  0.375  inch  LD. 

-  sample  configuration  (125X  test):  6  A1  tubes  filled  with  sample 

-  san^le  configuration  ^5"C  test):  6  Al  tubes  OL'ed  with  sanmle 

•  interiock  chamber  evacuated  with  mechanical  pump  (Note  10,  Sec.  A.1 .4) 

-  no  (^Aperfonned  on  the  298  K<3C:M  after  l25®CIsothennal  Test 
(Notes,  Sec.  A.  1.4) 

•  Do(?rAp^ormedon  ISO  K.  220  K,  and  298  KC^CMs  after 75°CIsothennal Test 
(Note  8.  Sec.  A.  1.4) 

•  mass  spectrometer  scanning  m/s  ■  10  to  500 
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TttT  Tire  (r»f) 


Rg  A-15  Total  Mass  Loss  and  Oif.^assing  Rate  as  Functions  of  Time  for  a 
DC  93-500  Sample  at  125®C. 


F1|.A  •17  QTOA  Dai/i  for  Ou»|yii*lng  Prodtrta  Coliccied  on  ih€  90  K  QCM  from 
4  OC  93'5^)0  Srtinjile  •(  VSC,  Ma»i  of  Colkcicd  Ouff  utinf.  I’r.itiKt* 
Remaininf  on  ihf  QCM  «nd  IIvapor.itH>n  Rair  from  the  Q<*M  na !  unciiont 
of  Temper  jii  ire, 


A-): 


»,c-> 


-  <.C-» 


I 


g 


a.t-T 


i.c-> 


♦ 

% 


•.  A 


M  lia 


OCN  rinrtMTiiiri  ik> 


Mg,  A-20  OT^'A  Dam  f<n  Oiitpa^'.ifiR  Pnx’m  J*  Collrcirt)  on  the  90  K  QCM  from 
•  DC .^(*)  .Snniplf  dl7.>  V,  Mas%  of  (’(tllroiriJ  Oiiigflxong  l’n*!jc(» 
Hfinaliung  on  it»e  y('M  and  livaptiraJH’n  Kate  fioin  ihc  QCT^  a*  I  uncii»*o* 
of  Tenipcfaiiirc. 
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Table  A-« 


CO'MS  Pala  for  DC^.VfOO  at  I2SX 
(^•laiititation  Krport 


AMOt'Vr  OF 


scan 

xcTTP  srtriLS 

vimxM) 

srrciES 

II 

5*5 

CP;  rnifttt 

101 

7  06 

lai 

1  14 

aim^hyl  tiia 

177 

242 

iKiankthyld 

217 

IX>4 

251 

0.15 

291 

1.04 

nknane 

117 

0.17 

127 

f.fJ 

rtlnn— 

IM 

0.15 

MS 

0J7 

172 

0.2V 

Ml 

0.21 

}«0 

1.17 

tilOMM 

ws 

0.54 

400 

032 

400 

OJS 

414 

4.22 

lOoaM 

421 

0  55 

412 

024 

440 

7J1 

likymnt 

443 

1.14 

440 

111 

fiydncartna 

4M 

1224 

475 

034 

kyilncirtui 

412 

043 

l>Vilrot»7«i 

4«l 

044 

501 

054 

ttb;urM 

VH 

024 

514 

0  21 

526 

102 

•ilotana 

54) 

4  74 

•UlllWW 

556 

401 

•ihiiana 

640 

0  22 

nliirw 

670 

214 

aili)ianr 

670 

7  97 

wln<a<< 

697 

1  44 

•ilixinr 

765 

ft  TO 

lllnian# 

50' 

ft  54 

fil'iitnr 

1061 

5  72 

IX)5 

H  71 

mulmi 

A  U 


Tabt*  A-7 


GC/MS  D«ta  fof  tK' «  V500  at  2(MrC 
QuaiMitation  Krporl 


SCAN  nva- 
(»«.) 

AVKXWTfJF 

nmxTU.r.n  nix 

{fTKm) 

swell  A  IDt.vrmCATKW 

It 

1  57 

rc>2  •fitfii.i 

II 

794 

Oimrthyl  «tlM« 

«t 

149 

inrvrK-Ui’.  1  «>lanf 

1  M 

l/inirihyl  tilamtl 

IV) 

^  12 

17# 

n«i 

t^rtwnrihyl  dubtDune 

245 

017 

210 

0)5 

101 

•ilminc 

299 

4  01 

•ihi  anc 

B27 

490 

«ifa«tan( 

vn 

190 

yn 

0)) 

attwOiyl  btoiww 

404 

0  53 

414 

if  5 

ttlitKm 

417 

031 

414 

211 

•tintane 

441 

394 

ailniana 

443 

0M< 

OyOnaalMi 

4«0 

101 

OyiamjtlKai 

4<S2 

04) 

4«a 

191 

Blli««aM 

475 

041 

KviktrarlrM 

491 

049 

••yO'’**’)*** 

30) 

1  To 

NiotaM 

Sl« 

OhO 

320 

1)0 

fMoaina 

559 

0)0 

50) 

5  ’) 

(Otnana 

517 

500 

atlnaaie 

Oil 

0  V) 

•ilniant 

040 

0/4 

ailraaM 

070 

5  27 

092 

41) 

ailmww 

744 

044 

7M 

799 

■iliMana 

•/M 

1  92 

a»l>«ana 

MOO 

7  #0 

150 

1  17 

•tkoaoa 

#70 

0  59 

•ill!  «nr 

♦77 

0  17 

lilaXWIf 

170/ 

0#2 
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5CANTIME  (Hc) 


FI*.  A  *il  Amount  of  Collected  VoIntUes  Remainin*  in  GC/MS 
Column  from  IX;  93-500  at  125”C  and  200*C 
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TEST  INFORMATION 


MATERIAL  TESTED: 

DATE  TEST  STARTED : 

GC/MS  DATA  FILES : 

lZ'5®CTc3t: 

20(rCTett: 


DC  6-1 104  adhesive 
Febniaiy  11, 1988 

JG8APR88C 

J06APR88C 


Test  Tearuatuie  (*Q 
125  75 


MATERIAL  SAMPLE  DATA : 

Aiea(cm2) 

8.55 

8J5 

Weight,  pretest  (g) 

11.43941 

11.36444 

Total  mass  loss  (%) 

0.58 

029 

ISOTHERMAL  TEST  DATA : 

Test  duration  (h) 

48 

29 

OCM/Temperaiufe  Data  File 

00211 

00214 

Maas  Spectrometer  Dau  File 

II 

It 

QCM  THERMAL  ANALYSIS  DATA  : 

QCM/Teiiqxrature  Pats  File 

G0213Q 

00  dau 

Maa  Specoxrmeter  Dau  File 

M 

no  dau 

COMMENTS : 

•  material  is  a  controlled-voladlity,  silicMie  sealant  produced  by  Dow  Coniina  Coip. 

•  LMSC  EPS#  40- 191>0050169 

•  samples  supplied  by  C.C.  Chappell,  LMSC  Material  ft  Proceu  Udwmories  (0/48-92) 

•  sample  holders  were  aluminum  rubes  1 .0  inch  long  by  0.375  inch  LD. 

•  sample  configuration  (125*C  test):  6  Ai  tubes  filledwith  sample 

•  sample  configuration  05'’C  test):  6  Al  tubes  filled  with  sample 

>  75"Clsothera)al  Test  tenninated  after  29  hours  due  to  liquid  nitrogen  failure 
(Note  9,  Sec.  A.1.4) 

'  no  QTA  performed  after  75'dsotheTmal  Test  due  to  liquid  nitrogen  failure 
(Note  9,  Sec.  A.1.4) 

-  auu  spectromeiei  scanning  m/e  >  10  to  500 
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ouTcnssiNG  Wirt 


TC8T  TtIC  <hr) 


4 


Fig.  A-25  Total  Mass  Loss  and  Outgassing  Rale  as  Functions  of  Tune  for  a 
DC  6-1 104  Sample  at  lj°C. 


3 


ISOKQCM 


220KQCM 


298KQCM 


Fig.  A-26  Volatile  Condensable  Material  on  Collector  QCMs  at  1 50  K,  220  K, 
and  298  K  as  a  Function  of  Time  for  a  DC  6-i  104  Sample  at  7S°C. 


No  Data  A«aOablc  •  QCM  Thermal  Analysis  Not  Performed 


Fig.  A-27  QTOA  Dau  for  Oufgaicing  Products  Collected  on  the  90  K  QCM  fA)m 
a  DC  6-1 104  Sample  at  jyc.  Ma^s  of  Collected  Outgaating  Products 
Remaining  on  the  QCM  and  Bvapondon  Rate  from  the  QCM  as  Functions 
of  Tentperanne. 
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TibtoA4 

GC/MS  Dtta  for  PC  ^1104  at  125*C 
Quartiutlon  Itcporl 


SCAN  TIME 
(K) 

AMOUKTOP 
DBTECnO  SPECIES 
(pmm0 

SPBCIU  DBKTIFICATION 

t4 

0j63 

O02aniteei 

92 

025 

lOS 

2.16 

Iwpwpool 

111 

227 

122 

0.94 

MmtSyl  6lMol 

17S 

62.54 

lAuuml 

240 

0.74 

BhMM  Mitel 

210 

ai) 

217 

025 

271 

0A9 

JU 

1.7) 

iMMMilipi  cpdodiilosMi 

40) 

025 

401 

0.1) 

426 

027 

4)1 

022 

4S3 

ai7 

456 

122) 

2«Ii)4>1*IwumI 

46) 

126 

471 

02t 

464 

020 

* 

516 

0.11 

54) 

02) 

545 

020 

560 

124 

MpKi(M  lUlouni  oompovitf 

612 

022 

629 

026 

665 

0,12 

676 

0.75 

720 

0.16 

722 

0.12 

7)5 

0,79 

714 

025 

$23 

027 

1)2 

025 

140 

U1 

•rtltei 

ITS 

021 

921 

0.17 
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Table  A-9 

GC/MS  DaU  for  DC  6-114b  at  200T 
QaanittatiM  Report 


• 

SCAN  TIME 
(MC) 

AMOUNT  OP 
DETECTED  SPECIES 
(pcR«m) 

SPECIES  IDENTIFICATTON 

U 

469 

002wtifaa 

91 

0.41 

103 

300 

iaopropanol 

1» 

0.73 

122 

3.14 

triinetiiyl  liUnol 

172 

38J6 

1-buunnl 

184 

0.78 

244 

103 

toluene  utifect 

274 

063 

291 

3.92 

fiesMKthyl  cycloeisiliKune 

42t 

0J6 

4St 

966 

24ihyl-l>heunol 

S62 

0.76 

680 

0.46 

736 

0.75 

"•U 

0.79 

134 

061 

142 

908 

■nifaci  teen  in  blank  ran 

880 

06 

923 

CJ3 
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VOLATILES 


MATERIAL  TESTED :  Kipton  filcn  (I  mil) 

DATE  TEST  STARTED :  FebruMy  IV.  1988 

GC/MS  DATA  FILES : 

125*CTesl;  JG8APR88F 

2XfC  Teit :  JG6APR88G 


Test  Temperature  (*0 


MATERIAL  SAMPLE  DATA : 

125 

75 

Afea(cm^) 

2090.32 

2090.32 

Weight,  pretest  (g) 

3.758 

3.770 

Total  mass  loss  (%) 

no  dau 

no  dau 

ISOTIIETMAL  TEST  DATA ; 

Test  C  oaiion  (h) 

24 

24 

QCM/Teniperatuie  Dau  File 

G0219 

00221 

Maas  Spectrometer  Data  File 

n 

• 

QCM  THERMAL  ANALYSIS  DATA  : 

QCWrcmpennire  Dau  Pile 

00220Q 

O0222Q 

Man  Spectrometer  Dau  File 

• 

• 

COMMENTS : 

•  material  is  a  pot^miJe  plasdc  Tiim  (u.OOl  inch  by  18  inch  roll) produced  by 
E.I.  du  Pont  de  Nemoun  &  Co..  Inc. 

-  LMSC  EPS#  22-527-0000000 

•  aamples  supplied  ^  IJ.  Snaulding.  LMSC  Materials  A  Processes  Engrg  {Oft2-92) 

•  tampic  configuration  (1 25^C  test):  2  sheeett  •  each  9.00  Inch  by  9.00  inch  by  I  mil 

-  sample  configuiii. ,  test);  2  shcrets  •  each  9.00  inch  by  9.00  inch  by  I  mil 

•  fl**ai  sample  weights  vei;  **sble  •  unable  to  connrm  (Note  4.  Sec.  A.  1.4) 

-  iioQTA  performed  on  the  298  N  after  7.5'’C  Is4XheTmal  Test 
(Note  8.  Sec.  A.  1.4) 

•  mats  spectrometer  scann  iig  nVe  ■  10  to  500 
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rig.A29  int  an<l  f>iig<iiiting  K,i:r  a*  Ixm  iions  rf  I'lnr  f<a  a 

*iaiT)|>Ic  al  I23X' 
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l.£  A  V) 


1 


2»  K  QC'M 


} 


•  mi - f 


•  * 


•  I*#  * 


I- 


V»>v 

;i  >.  >*  'H 


•««t  til*  fft.  ( 


291 K  (X'^t 


V()l«lilr  0'fulrnsali!f  M-Mrital  nn  <'it!)f.  tin  O'Mi  cl  |  V)  K.  i! 
and  2v.'{  K  aa  a  I  itfKiinn«>(  lidif  («>r  a  K.<ji;i>ii  Sainplf  at  l.^^  I'. 
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’’fi  rffti 
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OCH  TEMPCIWTUBC  (K) 


Fig.  A'3 1  QTGA  Data  for  Outgassing  Products  Collected  on  the  90  K  QCM  from 
a  Kapton  Sample  at  125®C.  Mass  of  Collected  Outgassing  Products 
Remaining  on  the  QCM  and  Evaporation  Rate  front  the  as  Functions 
of  Temperature. 


150KQCM 
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220KQCM 


298KQCM 


Fig.  A-33  Voktile  Gjndcnsable  Material  on  Collector  QCMs  at  130  K,  220  K, 

and  298  K  as  a  Function  of  Time  for  a  Kapon  Sample  at  73®C. 
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Fig.  A-34  QTGA  Data  for  Ouigassing  Products  Collected  on  the  90  K  QCM  from 
a  Kapton  Sample  at  75°C.  Mass  of  Collected  Outgassing  Products 
Remaining  on  the  QCM  taid  Evaporation  Rate  from  the  QCM  as  Functions 
of  Temperature. 
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Tabic  A40 

GC/MS  Data  fbr  Kapton  ac  125*C 
QuantlLation  Report 


AMOUWTOP 

SCAN  TIME  DETECTED  SPECIES  SPECIES  IDENUFICATTON 

(bc)  (pooem) 


NO  contaminant  species  pound  in  this  sample  at  this  temperature 
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Table  A-11 


GC/MS  Data  for  Kaptoo  at  200^C 
Quantitation  Keport 


SCAN  TIME 
(*ec) 

AMOUNT OF 
DETECTED  SPECIES 
(tnoent) 

SPECIES  IDENTIFICATION 

84 

36A5 

002«<tifact 

90 

1.11 

propane 

98 

1.16 

104 

6.19 

acetone  isopropanol 

108 

0^1 

111 

0X1 

121 

2JM 

C6UI4 

127 

0J5 

134 

121 

148 

1D5 

161 

14j69 

aoedcacid 

167 

2A6 

inuene  aitifact 

170 

122 

atipiatic  hydnxaiteo  ariiikt 

184 

2.88 

231 

OiiO 

244 

329 

toluene  anifact 

403 

021 

422 

8.16 

phenol 

842 

li71 

•nifact  aecn  in  blank  nn 
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NO  COI^AMINANT  SPECIES  POUND  IN  THE  US*C  SAMPLE 


0  200  400  600  800  1000  1200  1400  1600 

SCAN  TIME  (ICC) 


Pif.  A-35  Amount  of  Collected  Volatile!  Retnaininjt  in  CCVMS 
Column  from  Kapton  it  125'^  and  200*C 
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lESTJNFQRMmQN 


MATERUL  TESTED: 

DATE  TEST  STARTED : 

GC/MS  DATA  FRES : 

125‘GTcst : 
20(y»CTett: 


Mylar  film  (5  niii) 
Febni«iy  Tf.  1988 

JC8APR88D 

JG6APR880 


Teat  Tempcnture 


125 

75 

MATERIAL  SAMPLE  DATA : 

Area  (cm*) 

522.58 

52236 

Weight,  pretes'  (g) 

4.58020 

4.64210 

Total  mass  loss  (%) 

no  dau 

no  dau 

ISOTHERMAL  TEST  DATA ; 

Test  duration  (h) 

24 

24 

OCM/Temperature  Data  File 

G0227 

00229 

Mass  Spectrometer  Dau  File 

sa 

M 

QCM  THERMAL  ANALYSIS  DATA  : 

QCWreinperature  Data  File 

G0228Q 

O0301Q 

Mass  Specoometer  Dau  File 

m 

COMMENTS ; 

•  mawrial  ii  a  polyethylene  teivphthalaie  film  (O.OOS  inch  by  48  Inch  idU)  pnxloced 
by  E.I.  du  Pont  de  Nemours  &  Co.,  Inc. 

•  LMSCEPS#22-501-0005694 

•  tamplei  supplied  by  JJ.  Spaulding,  LMSC  Materials  A  Processes  Engrg  (0/62<92) 

•  sample  coitfiguradon  (1  test):  I  sheeet  •  9.00  inch  by  4.50  inch  by  3  mil 

•  sample  conTiguradon  test):  1  sheeet  •  9.00  inch  by  4.50  inch  by  5  mil 

•  final  sample  weights  very  unstable  •  unable  to  confinn  (Note  4,  See.  A.  1 .4) 

•  mass  specoometer  scannuig  m/e  ■  10  to  300 
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150KQCM 


Fig.  A-37 


220KQCM 


298KQCM 


Volatile  CorderiMble  Material  on  Collector  QCMa  at  ISt)  K,  220  K, 
and  298  K  at  a  Function  of  Time  for  a  Mylar  Sample  at  1 25°C. 
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Table  A-12 


GC/MS  Data  for  Mylar  at  125^C 
Quantitation  Report 


SCAN  TIME 
(^) 

AMOUNT  OF 
DETCCIBO  SPECIES 
(percent) 

SPECIES  mENITHCATION 

82 

7,16 

002aiti£act 

88 

29,50 

propane 

159 

35,47 

2-mettiyl'2-propenoI  ft  unlotown 

404 

0.77 

rniiha 

791 

3J7 

840 

13,28 

artifKi 

1030 

2j08 

phthalHcetta 

1183 

4,62 

1247 

3J6 
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Table  A-U 


GC/MS  Data  for  Mylar  at  200**C 
Quantitation  Report 


SCAN  TIME 

(«C) 

AMOUNT  OF 
DETECTED  SPECIES 
(pefunt) 

SPECIES  IDENTIFICATION 

87 

40.94 

C02afiifact 

95 

5.66 

propane 

105 

1.60 

2>meihyl  butane 

in 

1.17 

130 

1.95 

C^14 

170 

41.08 

2>mcihyM,  S-rlloxoIane 

179 

0.82 

193 

3.38 

aliphatic  hydrocarbon  anilaa 

238 

0.91 

251 

136 

toluene  aitilact 

408 

1.12 

anUaa 
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Fig.  A42  Amount  of  Colleeied  VoUiJIef  Remaining  in  OC/MS 
Column  (lotn  Mylar  ii  I25*C  and  200*C 
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TEST  INFORMATION 


MATERIAL  TESTED ;  FEP  Teflon  film  (1  rail) 

DATE  TEST  STARTED  ;  Fcbniary  23. 1988 
GC/MS  DATAFILES: 


125*CTest:  JG8APR88E 

200®CTest:  JG6APR88E 


Test  Terapaanire  ("C) 


MATERIAL  SAMPLE  DATA : 

Area  (cm2) 

125 

75 

2090.32 

2090.32 

Weight,  pretest  (g) 

5.6330 

5.60420 

Total  mass  loss  (%) 

ISOTHERMAL  TEST  DATA : 

no  data 

no  data 

Test  duration  (h) 

.  24 

24 

QCM/Temperanine  Data  File 

Mass  Spectrometer  Data  File 

QCM  THERMAL  ANALYSIS  DATA  : 

G0223 

ft 

G0225 

n 

QCM/Teiriperature  Data  File 

O0224Q 

C0226Q 

Mass  Speedometer  Data  File 

COMMENTS : 

It 

*• 

•  material  is  a  fluorinaird  ethylene  propylene  plastic  film  (0.001  inch  by  48  inch  roll) 
produced  by  E.I.  du  Pont  de  Nemours  &  Co.,  Inc. 

-  Lf^CEPS#22-304-0000000 

«  umples  suralied  by  J.J.  Spaulding.  LMSC  Materials  &  Processes  Engrg  (0/62-92) 

•  sample  configuration  ( 1 25®C  test):  2  sheeeu  -  each  9.00  inch  by  9.00  mch  by  1  mil 

•  sample  configuration  (7S"C  test):  2  sheeeu  •  each  9.00  inch  by  9.00  inch  by  1  mil 

•  final  sample  weights  very  unsuble  •  unable  to  confirm  (Note  4,  Sec.  A.  *  .4) 

'  nuss  spe^meter  scanning  m/e  ■  10  to  500 
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Fig.  A44  Volatile  Condenuble  Maienal  on  Collector  OCMi  at  150  K.  220  K, 

and  298  K  aa  a  Funcdon  of  Time  for  an  FEP  Teflon  Sample  at  125*C, 
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Fig.  A-45  QIXIA  Data  for  Outsassinf  Productt  Cotl^ci'Xl  on  the  90  K  QCM  from 
ar.  PEP  Teflon  Sample  at  123*C.  Mui  of  Collected  Ouieosiing  Pixxlucu 
Renraining  on  the  QCM  and  Evaporation  Rate  from  the  qCM  aa  Functioni 
ofTempcranire. 
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Flf .  A-43  QTOA  D«ti  for  Ouigtsilng  Ptxxiucw  CoIIfcied  on  the  90  K  QCM  from 
If)  FEJ*  Teflon  Simple  it  7>*C.  Maw  of  Collected  Outgariinf  Products 
Remiininf  on  the  QfCM  ind  Eva{ioration  Rate  from  the  QC^  is  f 'unctions 
ofTempcsiture. 


TabltA-t4 


GC/MS  Data  for  FEP  Teflon  at  125*C 
Quantitation  Report 


AMOUNT  OP 

SCANTIMB 

DETECmO  SPECIES 

SPECIES  IDENUFTCATION 

• 

iK) 

(pma) 

NO  CONTAMINANT  SPECIES  FOUND  IN  THIS  SAMPLE  AT  THIS  TEMPERATURE 
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Table  A-IS 


GC/NtS  Data  for  FEPIwnon  at  200°C 
Quantitation  Report 


SCAN  TIME 
(«) 

AMOUNT  OF 
DETCCTEDSPECIES 
(pneoH) 

SPECIES  IDENTmCATlON 

83 

52.98 

«ufact 

98 

2.07 

aliphatic  h)\i/ocart»nt 

103 

1.93 

aliphatic  hyrimaitna 

121 

4.40 

aliphatic  hydaicartoftt 

148 

1.02 

alipnt  tic  hydrocartxMtt 

184 

3.54 

aliphabc  hydfocafton  amraci 

24S 

2.10 

403 

7J2 

aliphatic  hy<]jt)caf1)0^  artiCaci 

416 

3.03 

■jfiKt 

433 

2.90 

anitact 

463 

IM 

anifact 

Ml 

16.94 

artifact  seen  in  blank  rut 

I 
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TEST  INFORMATIOM 


MATERIAL  TESTKO  • 

DATE  TEST  SfARTLI): 

r.OMS  DATA  FIl  FS  : 

125"CT«st; 

ZOCTCTcm: 


DraycofilSZoil 
Aupvst  :0.  1986 


data  ttoi  available 
dau  not  available 


MATERIAL  SAMPLE  DAI  A  ; 

Area  (im^^ 

Weight.  f'TTiest  (g) 

Total  mass  k>st  ('*-) 

ISOTHERMAL  TFi»T  DATA  : 

Test  duration  (h) 

<>.'MTcnipcratufr  Data  I'ile 
Mass  Spectrometer  Data  I'ile 

QCM  THERMAL  ANALYSIS  DATA  : 
yCNVTemperatunt  Data  l  ile 
Mass  Spectrometer  Dau  I  ile 


Test  Tempentux  t  O 


125 

75 

100 

8.3 

.3  028824 
no  dau 

15  07 
2.69.3542 
no  dau 

13  75 

2  f4 1292 
O0» 

119 
fK)820 
no  data 

119 

()or:sa 

no  dau 

1 19 
(ic/;06 
no  dau 

G0825 

IKXlAta 

00902 
no  dau 

C.>11 

nod.:U 

COMMENT.?  t 

•  maKrial  i*  a  low  vr,laiilify,  ncrfluorinaied  pol>ethcr «  ' ,  •’ Ked  by  Pray  Oil  Q*. 

•  LMSC  i:i’S#  34-464  ()0() I  ibO 

•  samples  supplied  by  Burmah  '^astrol  Inc  .  Itray  I’rtutiK  ki  I  >;  is, on 

•  sf.mple  hoUen  were  stairless  steel  tups  0  9  inch  1 tiy  I  inch  .’ec;) 

•  sample  configuration  s  1 25"C  test);  2  .SS  cups  full  of  oil 

•  sample  configuration  (75"C  test):  3  SS  O'ps  lf3  full  of  on 

•  sarm'e  configuration  (  UKTC  tot):  3  .SS  t  ups  1/3  tull  of  oil 

-  no  final  santpic  weights  available  for  123'Xr  and  lyC.  tests  (N  ne  3,  Sec.  A  1  4) 

■  QCM  shutters  were  ipertuxd  dunr.g  Isothenrul  lesti  and  full  open  dunng  (JTA  te-.ls 

-  <JC/M.S  data  rtot  available  for  this  matcnal  (Note  5.  Sec.  A  1 .4) 

-  matt  apettrorrseter  not  in  operation  dunng  this  nwicrial  test  (Note  6.  .Sec.  A.  1.4) 
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Fig.  A-51  Volatile  Condensable  Material  on  Collector  QCMs  at  150  K,  220  K, 
and  298  K  as  a  Function  of  Time  for  a  Brayco  815Z  Sample  at  125®C. 
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Fig.  A'52  QTGA  Data  for  Outgassing  Products  Collected  on  the  90  K  QCM  from 
a  Bntyco  8 1 5Z  Sanipic  at  1 25'’C.  Mass  of  Collected  Outgassing  Products 
Remaining  on  die  QCM  and  Evaporation  Rate  from  the  QCM  as  Functions 
of  Temperature. 
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Fig.  A-55  QTGA  Data  for  Outgassing  Products  Collected  on  the  90  K  QCM  from 
a  Brayco  81SZ  Sample  at  75®C.  Mass  of  Collected  Outgassing  Products 
Remaining  on  the  QCM  and  Evaporation  Rate  from  the  QCM  as  Functions 
of  Temperature. 
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Fig.  A-57  Volatile  Condensable  Material  on  Collector  QOds  at  150  K,  220  K. 

and  298  K  as  a  Function  of  Time  for  a  Brayco  815Z  Sample  at  100®C. 
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Fig.  A-58  QTGA  Data  for  Outgassing  Products  Collected  on  tlic  OQ  K  QCM  from 
a  Brayco  815Z  Sample  at  1(X)"C.  Mass  rf  Collictcd  Outgassinc  Products 
Rermiring  on  the  QCM  and  Evaporation  Rate  from  the  QCM  as  Functions 
ofTemperarare. 
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Table  A-16 


GC/MS  Data  for  Brayco  815Z  at  125^C 
Quantitation  Report 


AMOUNT  OF 

i 

SCAN  TIME 

DETECTED  SPECIES 

SPECIES  IDENTIFICATION 

f 

1 

Csec) 

(pooeni) 

GC/MS  DATA  NOT  AVAILABLE 
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Table  A-17 


GC/MS  Data  for  Brayco  815Z  at  200°C 
Quantitation  Report 


AMOUNT  OF 

SCAN  TIME  DETECTED  SPECIES  SPECIES  IDENTIHCATION 

(sec)  (percent) 


GC/MS  DATA  NOT  AVAILABLE 


NO  GC/MS  DATA  AVAILADLE 
FOR  THIS  SAMPLE  AT  12S>C 


NO  GC/MS  DATA  AVAILABLE 
FOR  THIS  SAMPLE  AT  2M)*C 


Fig.  A- 59  Amount  of  Cotiected  Volatiles  Remaining  i/i  GOMS 
Column  from  Prsyco  815Z  at  125'C  and  200*C 
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MATERIAL  TEISTED  :  Brayco;e  600  grease 

DATE  TEST  STARTED :  July  25. 1986 

GC/MS  DATA  FILES; 


12500  Tesi :  data  not  available 

200°C  Test :  data  not  available 


MATERUL  SAMPLE  DATA : 

Area(cn»2) 

Wei^t.  pretest  (g) 

TotJ  mass  loss  (%) 

ISOTHERMAL  TEST  DATA ; 

Test  duration  (h) 

QCM/Ten^perature  Data  File 
Mass  Spectrometa  Data  File 

QCM  THERMAL  ANALYSIS  DATA ; 
OCM/Tenperatuie  Data  File 
Mass  Specoometer  Data  File 


Test  Temperature  (*0 


125 

75 

25 

7.18 

3.95355 
no  data 

7.18 

3.689283 

0.26 

7.18 

3.74549 

004 

120 

C0811 
no  data 

120 

G0728 

nodau 

120 
GOSOf 
no  dau 

C0816Q 

nodau 

G0802Q 
no  dau 

G0809Q 
no  data 

COMMENTS ; 

•  material  is  a  low-volatility,  perfluorinated  polyether  grease  produced  by  Bray  Oil  Co. 

-  LMSC  EPS#  34-465-0000677 

-  samples  supplied  by  Burmah-Castivl  Inc.,  Bray  Products  Division 

•  sample  holden  were  aluminum  cups  0.6  inch  ID.  by  0.2  inch  high 

-  sample  configumtion  (1 25X  test):  4  A1  cups  half-full  of  grease 
'  sample  configuration  (75'’C  test):  4  Al  cups  half-full  of  grease 

-  sample  configuration  (25"C  test):  4  Al  cups  half-full  of  grease 

-  Al  cups  are  arranged  inside  effusion  cell  not  directly  below  the  oriflee 

•  no  finfJ  sample  weights  avtdlablc  for  125®C  test  (Note  3,  Sec.  A.  1.4) 

-  shutters  were  apertured  during  Isothermal  Tests  and  full  open  during  OTA  Tests 

-  no  QTA  performed  on  298  K  QCM  after  25®C  Isothermal  Test  (Note  8,  Sec.  A.  1 .4) 

-  GCi^S  data  not  available  for  this  material  (Note  5,  Sec.  A.  1.4) 

•  mass  spectrometer  not  in  operation  during  this  material  test  (Note  6,  Sec.  A.  1 .4) 
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Fig.  A-61  Volatile  Condensable  Material  on  Collector  QCMs  at  !50  K,  220  K, 
and  298  K  as  a  Function  of  Time  for  a  Braycote  600  Sample  at  125*C. 
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Fig.  A-62  QTGA  Data  for  Outgassing  Prodi’cts  Collected  on  the  90  K  QCM  from 
a  Braycote  600  Sample  at  125°C.  Mass  of  Collected  Outgassing  hoducts 
Remaining  on  the  QCM  and  Evaporation  Rate  from  the  as  Functions 
of  Temperature. 
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Fig.  A-63  Total  Mass  Loss  and  Oufgassing  Rate  as  Functions  of  Time  for 
Braycote  600  Sample  at  75*C 
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Fig.  A  64  Volatile  Condensable  Material  on  Collector  QCMs  at  150  K,  220  K, 
and  293  K  as  a  Function  of  Time  for  a  Braycote  600  Sample  at  7S"C. 
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Fig.  A-65  QTGA  Data  for  Outgassing  Products  Collected  on  tie  90  K  QCM  Stoip 
a  Braycotc  600  Sample  at  75®C.  Mass  of  Collected  Outgassing  FYodiicts 
Rem^Jng  on  the  QCM  and  Evaporation  Rate  from  the  QC^  as  Functions 
of  Temperature. 
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Rg.  A-67  Volatile  Condensable  Material  on  Collector  QCMs  at  1 50  K,  220  K, 
and  298  K  as  a  Function  of  Time  for  a  Braycc'e  6C0  Sample  at  25°C. 
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Fig.  A-68  QTGA  Daia  for  Oufgassing  Products  Collected  on  the  90  K  QCM  from 
a  Breycote  600  Samp'e  at  25"C.  Mass  of  Collected  Outgassing  Products 
Remaining  on  the  QCM.  and  Evaporation  Rate  from  the  QCM  as  Functions 
r^'lcnipcrature. 


Table  A-18 


GC/MS  Data  for  Braycote  600  at  125*’C 
Quantitation  Report 


AMC4JNTOF 

SCAN  TIME 

DETECTED  SPECIES 

SPECIES  IDENTIFICATIOH 

(«) 

(pooent) 

• 

GCVMS  DATA  NOT  AVAILABLE 
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Table  A-19 


GC/MS  Data  for  Braycotc  600  at  200*^0 
Quantitation  Report 


•  AMOUNT  OF 

SCAN  TIME  DETECTED  SFECIES 

(w)  (percent) 


SPECIES  IDENTIRCATION 


GC/MS  DATA  NOT  AVAILABLE 
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NO  GC/MS  DATA  AVAILABLE 
FOR  THIS  SAMPLE  AT  125*C 


NO  GC/MS  DATA  AVAILABLE 
FOR  THIS  SAMPLE  AT  200«C 


Fig.  A-69  Amount  of  Collected  Volatile!  Remaining  in  GC/IAS 
Colu.mn  from  Braycotc  600  at  12S”C  and  200^ 
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TEST  INFORMATION 


MATERIAL  TESTED: 

DATE  TEST  STARTED : 

GC/MS  DATAFILES: 

125*CTest: 

20C®CTest: 


Kiytox  143AD 
Februaiy  20, 1987 


JG23MAY88E 

JG23MAY88C 


Tea  Tcmpenitun:  (®C) 


125 

75 

25 

MATERUL  SAMPLE  DATA : 

Area(cm2) 

10.09 

10.09 

10.09 

Weight,  prete.st  (g) 

Totu  mass  less  (%) 

4.0 

4.0 

4.0 

no  data 

no  data 

nodaa 

isothermal  TEST  DATA : 

Test  duration  (h) 

63 

45 

96 

QCM/Ten^ierature  Data  File 

G0220 

G0225 

G0305 

Mass  Spectrometer  Data  File 

no  data 

no  data 

no  data 

QCM  THERMAL  ANALYSIS  DATA  : 

QG^VTemperature  Data  File 

G0223Q 

C0227Q 

C0309Q 

I^ss  Spectrometer  Dau  File 

no  data 

no  data 

no  data 

COMMENTS; 

•  material  is  a  perfluoioalkylpolyether  oil  produced  by  E.I.  DuPont  DeNeroours  Co. 

-  LMSC  EPS#  34-402-OOCiOOOO 

•  samples  supplied  by  E.L  du  Pont  de  Nemours,  Chemicals  and  Pigments  Department 

•  sample  holders  were  stainless  steel  cims  0.9  inch  I.D.  by  0.1  inch  deep 

•  sample  configuration  (125^C  test):  2  SS  cups  fuU  ot  oil 

•  sample  conriguradon  ^S"C  test):  2  SS  cups  full  of  oil 
'  sample  configuradon  (2S^C  test):  2  SS  cups  full  of  oil 

•  initw  sample  weights  are  estiimiedto  ±  10%  (Note  1,  Sec.  A.1.4) 

Hnal  sample  weights  are  unknown 

•  QCM  shutters  were  apemued  during  Isothermnl  Tests  and  full  open  during  QTA  teas 

-  no  (JTA  performed  on  298  K  QCM  afta  25°C  Isothermal  Test  (Note  8,  Sec.  A.  1 .4) 

•  mass  spectrometer  not  in  operadon  during  this  material  test  (Note  6,  Sec.  A.  1.4) 
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Fig.  A-71  Volatile  Condensable  Material  on  Collector  QCMs  at  150  K,  220  K, 

and  298  K  as  a  Function  of  Time  for  a  Kiytox  143  AD  Sample  at  125*C. 
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Ftg.  A-72  QTGA  Data  for  Outgassing  Products  Collected  on  tlic  90  K  QCM  from  a 
Krytox  143  AD  Sample  at  I25®C  Mass  of  Collected  O.itgassing  I^ucts 
Remaining  on  the  QCM  and  Evaporation  Rat?  from  the  QCM  as  Functions 
of  Temperature. 
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Fig.  A-75  QTGA  Data  for  Outgassing  Products  O^Ilected  on  the  90  K  QCM  fiwn  a 
Kryiox  143  AD  Sanrplc  at  75°C.  Ma.ss  of  Collected  Ou^assing  Piquets 
Remaining  on  the  QCi*i  and  Evaporation  Rate  firom  tlie  QCM  as  Function 
ofTempaature. 
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Fig.  A-76  Total  Mas.s  Loss  and  Outgassing  Rate  as  Functions  of  Time  for  a 
Kiytox  143  AD  Sample  at  25°C.  . 
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Fig.  A-77 
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Volatile  Condensable  Material  on  Collector  QCMs  at  150  K,  220  K, 
and  298  K  tf  a  Function  of  Time  for  a  Ktytox  M3  AD  Sample  at  25"C. 
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Fig.  A-78  QTCA  Data  for  Outgassing  Products  Collected  on  the  90  K  QCM  firoi:  a 
Kiytox  143  AD  Sample  at  25°C.  Mass  of  Collect  Outgassing  Products 
Remaining  on  the  QCM  and  F,vntX)ration  Rate  flora  the  QCM  as  Fiinciions 
ofTctnperarare. 
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Table  A.20 

GC/MS  Data  for  Krytox  143  AD  at  125X 
QuanlitaUoo  Report 


SCAN  TIME 
(sec) 

AMOUNT OF 
DETECTED  SPECIES 
Oieicent) 

SPECIES  IDENTD-TCV^TION 

192 

1J9 

tnk&own  fluorocarbon 

271 

SS2 

ivknown  Ouoracatbon 

300 

2,10 

unAnown  fluorocateQ 

314 

133 

unknown  fluorocarbon 

344 

r  6 

unlotown  fluorocarbon 

373 

3.86 

unknown  fluorocarbon 

423 

20.44 

unknown  fluorocarbon 

449 

234 

unknown  fluorocarbon 

492 

22  62 

unknown  fluorocarbon 

542 

14.04 

unknown  fluofocarcon 

600 

3.93 

unknown  fluorocarbon 

639 

331 

aitiiact 

673 

136 

unknown  fluorocarbon 

Table  A.21 


GC/MS  Data  for  Krytox  143  AD  at  200^C 
Quantitotion  Report 


AMOUNT  OF 

SCAN  TIME  DETECTED  SPECIES  SPECIES  IDENTIFICATION 

(sec)  (peicent) 


265 

342 

369 

380 

41S 

440 

S02 

324 

369 

588 

621 

640 

640 

6S4 

686 

697 

738 

753 

766 

797 

843 

882 

917 

946 

974 

995 

1017 

1030 

1045 


0.69 

144 

0.62 

0.47 

533 

1.06 

811 

131 

8.37 

0.70 

5.19 

139 

036 

0.78 

6.90 

0.42 

9.40 

131 

111 

1233 

832 

6.34 

4.36 

3.76 

2.72 

2.67 

1.79 

0.78 

0.18 


imknown  OnoiocArbon 
unknown  ^uoncatton 
unknown  fluoroccrtion 
unknown  fluoncaiten 
unknown  fluorocarbon 
unknown  fluorocarbon 
unbtown  fluorocarbon 
unknown  fluorocarbon 
unknown  fluorocarbon 
unknown  fluoroo^rbon 
unknown  fluorocarbon 
unknown  fli:  Mocarbon 
mrifact  seen  in  blank  run 
artifact  seen  in  blank  run 
artifact  seen  in  blank  run 
unknown  fluorocarbon 
unknown  fluorocarbon 
artifact  seen  in  blank  tun 
unknown  fluorocarbon 
artifact  seen  in  blank  run 
unknown  fluorocarbon 
unknown  fluoiocarhon 
unknown  fluorocarbon 
unknown  fluorocarbon 
unknown  fluorocarbon 
unknown  fluortcarbon 
unknown  fluorocarbon 
unknown  fluorocarbon 
unknown  fluorocarbon 
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AMOWJT  OF  COLLECTED  VOLATILES  AMOUNT  OF  COLLECTED  VOL  \TILES 

REMAINING  IN  GC/MS  COLUMN  (PietccaO  REMAINING  IN  G<7MS  COLUMN  (Ptnem) 


Fig.  A-79  Amount  of  Col'cctcd  Volatile;  Beniaining  in  GC/M5 
Column  f.'om  Krylox  i^iAD  at  I25°C  and  700°C 
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MATERUL  TESTED ;  VacKote  MLD  73-91  oU 

DATE  TEST  STARTED :  August  17. 1987 

GC/MS  DATA  FILES ; 


125“CTest:  KN11AUG87E 

200"C  Test :  KNl  1 AUG87C 


MATERULSAMPLE  DATA : 
AreaCem^) 

Wd^  pretest  (g) 

Tom  mass  loss  (%) 

ISOTHERMAL  TEST  DATA : 

Test  duration  (h) 

OCM/Tetr^vrature  Data  File 
Mass  Spectrometer  Data  File 

QCM  THERMAL  ANALYSIS  DATA : 
QCM^emperature  Data  File 
Nfass  Specoometer  Data  File 


Tea  Tempemture  (V) 


125 

75 

25 

15.14 

1.^.14 

15.14 

3.34592 

3.26316 

3.10824 

DO  data 

0.40 

no  data 

26 

24 

24 

G0817 

00827 

G0830 

m 

n 

G0818Q 

m 

C0828Q 

m 

G0831Q 

n 

COMMENTS: 

•  material  is  a  parafinic  hydrocarbon  oil  produced  by  Ball  Aerospace,  Systems  Division 

-  san^Ies  supplied  by  Lt  P.M.  Falco,  USA7/AFWAL/MLDT 

•  sample  holders  were  stainless  steel  cim:  0.9  inch  I.D.  by  0. 1  inch  deep 

•  sample  coRfigitration  (125^  test):  3  sS  cups  full  of  oil 

•  sample  configuration  (75*’C  test):  3  SS  cups  full  of  oil 

>  sanmle  configuration  (25*’C  test):  3  SS  cups  full  of  oil 

•  CO  final  sample  wdghts  available  for  125°C  and  2S"C  tests  (Note  3,  Sec.  A.  1 .4) 

>  interiock  chamber  evacuated  with  roech^ca*  pump  (Note  10,  Sec.  A.  1 .4) 

-  only  first  5  houn  of  mass  spectrometer  data  stored  iOr  25'’C  Isothermal  Test 

-  no  (JTA  performed  on  220  K  and  298  K  (JCMs  after  25*C  Isothermal  Test 
(Notes,  Sec,  A.  1.4) 

.  mass  spectrometer  scanning  nVe«  10  to  400 


Rate  as  Functions  of  Time  for 


OCM  TCNPCRnTURC  (K) 


Fig.  A-82  QrOA  Data  for  Outgassing  Products  Collected  on  the  90  K  QCM  from 

a  VacKote  MLD  73*91  Simple  at  I25'’C.  Mass  of  Collected  Outgassing 
Products  Remaining  on  the  QCM  and  Evaporation  Rate  from  the  QCM 
as  Functions  of  Vemperature. 
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Fig.  A‘83  Total  Mass  Loss  and  Ouigassing  Rate  as  Functions  of  Time  for 
VacKote  MLD  73-91  Sample  at  75T. 


ISOKQCM 


Fig.  A-84 
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298KQCM 


Volatile  G>ndensable  Material  on  Collector  QCMs  at  150  K.  220  K, 
and  298  K  as  a  Function  of  Time  for  i  VacKote  MLD  73-91  Sample 


OCM  TCHPCRfrrunc  ik) 


Fig.  A-85  QTOA  Data  for  Outgassing  Products  Collected  on  the  90  K  QCM  from 
a  VacKote  MLD  73<9I  Saimle  at  73'’C.  Mass  of  Collected  Ouigassing 
Products  Renting  on  the  QCM  and  Evaporation  Rate  froir.  the  QCM 
as  Functions  of  Temperature. 


Htf 


220KQCM 


298KQCM 


Rg.  A'87  Volatile  Condensable  Material  on  Collector  QCMs  at  150  K,  220  K, 
and  298  K  as  a  Function  of  Tiine  for  a  VacKote  MLD  73*91  Sanmie 


ION  Rftre  (t^cW  •>  NRto  ROniNING  ON  OCH  (P«rc*<it> 
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Fig.  A-88  Q1X3A  Dau  for  Outgassing  Products  CoUeaed  on  tlie  90  K  QCM  fiom 
a  VacKote  MLD  73-91  Saii^le  rt  25*’C.  Mass  of  Collected  (^tgassing 
Products  Remaining  on  the  QCM  and  Evaporation  Rate  6om  the  QCM 
as  Functions  of  Temperature. 


A'127 


Table  A-22 


GC/MS  Data  for  VacKote  MLD  73.91  at  IZS'T: 
Quantitation  Report 


SCANriMR 

Cw) 


AMouhrrop 
DETCCTU)  SPECIES 
(penaem) 


SPECIES  IDENmiCAHON 


120 

14j65 

fieoolP 

206 

6.12 

bcpUDB 

213 

IIJS 

3. 3.diiBethyl-2-biitanoM 

409 

23  J6 

mUiet  lecn  in  blank  nn 

457 

9A2 

«ni£Kt  Men  in  blank  ran 

467 

625 

716 

8A1 

CgHiS  cyclic  amine  7 

931 

&62 

973 

13A3 

A.  128 


I 


Table  A-23 

GC/MS  DaU  for  VacKote  MLD  73-91  at  ZOOX 

Quantitation  Report 

AMOUNT  OF 

SCAN  TIME 

DETCCIED  SPECIES  SPECIES  IDEN11PICATION 

<^) 

(pooeni) 

205 

0^ 

hfpClflCl 

212 

US 

3. 3  dimethyl  buunone 

40S 

0.96 

arti&ct  wen  in  blank  nn 

456 

0A7 

anitet  seen  in  blank  na 

466 

0.19 

anifact  seen  in  blank  nn 

635 

2J1 

bytlrocartion 

690 

2j08 

a 

702 

0j6S 

• 

713 

0.47 

• 

717 

184 

• 

724 

091 

749 

038 

• 

805 

0A9 

• 

837 

1.18 

• 

858 

0.70 

• 

879 

034 

• 

883 

0.76 

« 

931 

035 

• 

973 

li>9 

• 

1019 

230 

m 

1053 

1.06 

m 

1062 

431 

m 

1109 

131 

m 

1128 

3A4 

• 

1141 

133 

1161 

0.90 

• 

1170 

2j60 

• 

1172 

0.93 

• 

1182 

131 

• 

1187 

235 

• 

1192 

132 

• 

1239 

179 

• 

1247 

239 

• 

1284 

5.18 

• 

1294 

12.01 

m 

1326 

233 

m 

1346 

4.C2 

1386 

139 

m 

1389 

1.19 

m 

1392 

1.10 

• 

1421 

339 

• 

1451 

116 

9 

1453 

239 

a 

1349 

1338 

m 
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samvTOA 


Pig.A-89  ArnauaofCollected  Vobiites  Remaining  in  GOMS 
Cblumn  from  VwKoie  MLD73-91  u  125<X:  ud  20(rC 
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MATERUL  TESTED ;  S/13G/LO-V10  paini 

DATE  TEST  STARTED :  March  25. 1988 

GC/MS  DATA  FILES: 

125*CT<st:  JG7APR88G 

200'‘CTcst;  JG7APR88C 


Test  Tempexature  (*0 


125 

1 

t 

1 

1 

MATERIAL  5 AMPLE  DATA  ; 

Area(cm^) 

Weight,  pretest  (g) 

Total  mass  loss  (%) 

26.74 

1.46489 

1.00 

26.74 

1.40055 

0.45 

1 

*  / 

> 

ISOTHERMAL  TEST  DATA : 

Test  duration  (]i> 

QQvI/Tetnperatine  Data  File 

Mass  Spectrometer  Data  File 

24 

G0325 

ft 

24 

G0327 

M 

V 

\ 

QCM  THERMAL  ANALYSIS  DATA : 
QChVTeo^xaatuie  Data  File 

Mass  Spectrometer  Daui  File 

G0326Q 

G0328Q 

n 

COMMENTS : 

•  material  is  a  low^outgassing,  white,  thermal  control  paint  with  SWS  Silicone  Cofp.  VIO 
silicone  binder  and  zinc  oxide  pigment 

•  material  is  produced  by  Illinois  Institute  of  Technology  Research  Institute 
-  LMSC  EPS#  37-489-0000000 


samples  supplied  by  GifF  Cerbus,  University  of  Daymn  Research  Institute 
sample  substrates  were  aluminum  discs  0.943  inch  diameter  by  0.043  iiKh  thick 
sample  configuradon  (12S*’C  test):  5  A1  discs  sprayed  on  one  side 
sample  configuradon  (75**C  test):  5  A1  discs  sprayed  on  one  side 
initial  sample  weights  and  substrate  weights  measured  at  University  of  Dayton 
final  sample  weights  measured  at  LMSC 


mass  spectrometer  scanning  m/c  =  10  to  300 
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Fig.  A-90  Total  Mass  Loss  and  Outgassing  Rate  as  Functions  of  Time  for 
S/13O/LO-V10  Sample  at  125®C 


IHg.  A-92  QTOA  Data  for  Outgassing  Products  Collected  on  the  90  K  QCM  firom 
an  S/130/LOV10  Sample  at  123*0.  Mass  of  Collected  Outgassing 
Products  Remaining  on  the  QCM  and  Evaporation  Rate  from  (lie 
as  Functions  of  Temperaiur.;. 


Fig.  A-93  Total  Mass  Loss  and  Outsassing  Kate  as  Functions  of  Tune  for  an 
S/13O/LO-V10  Sample  at  75‘'C. 
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ISOKQCM 


i 

i 

S 

\ 


'*1 


•■'*4  •^'* 

-•?o< 

_ _ ^ 


•■*1; 


I — 1> 


im  TKC  l<v> 


mr  t(«  <iwi 


220KQCM 


298KQCM 


Ftg.  A'94  Vo’iidle  Condoisable  Materia]  on  Conecior  QCMs  at  150  K.  220  K,  and 
298  K  as  a  Function  of  Time  for  an  S/I?>G/L^V10  Sample  at  75*C 


H30  no  ONINtHHW  88HM  <•  «v«i9/0>  3iiM  HOt 


OCM  TCMPCRnTUHC  (K> 


Fig.  A-95  QTGA  Dau  for  Oiitgassing  Products  Collected  on  the  90  K  QCM  from 
an  S/1 3G/LO-V10  Sample  fat  Mass  of  Collected  Outgassing 

I^ucts  Remaining  on  the  QCM  and  Evaporation  Rate  from  the  QCM 
as  Functions  of  Temperature. 
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Table  A-24 

GC/MS  DaU  for  S/13G/LO-V10  at  125‘*C 
Quantitation  Report 


AMOUNT  OF 

SCAN  TIME  DETECTED  SPECIES  SPECIES  IDENnnC\T»ON 


(KC) 


(ipeicent) 


83 

3J2 

C02ani<jc< 

104 

0S6 

403 

4jOS 

n&et 

433 

IM 

anitet 

463 

0A3 

313 

IJZI 

aomoal? 

338 

3.06 

•nilact  Men  in  f2  blank  nm.  4.7-88 

634 

182 

allftunfp  bydnxarton 

719 

6.14 

al^hadc  kydrocMboB 

781 

3.70 

byOrocarbon 

794 

1.S9 

832 

122 

840 

4J6 

aUpiiaiic  bydnsoiboo 

843 

1.89 

833 

14J6 

869 

149 

896 

3.88 

atiptuifehydrocaitaD 

900 

144 

902 

0.96 

911 

1.23 

915 

1.79 

918 

1.96 

923 

1.28 

933 

0A3 

942 

17A9 

wHpedlkd  eater 

949 

3J0 

dotone 

935 

100 

961 

4S9 

iBBidecanolc  acid 

1040 

103 

vapecifMettr 

Table  A-25 

GC/MS  Data  for  S/13G/LO-V10  at  200^0 
Quanlitatioa  Report 


SCAN  TIME 
(*ec) 


AMOUNT  OF 
DETECTCD  SPECIES 
(poem) 


SPECIES  (DENnHCATION 


83 

1.95 

G02a>tifact 

90 

0.96 

butane 

96 

0S3 

ethanol 

104 

0.79 

2-piopBnol 

117 

039 

silicone  compouni 

172 

0.71 

l-biiunol 

292 

1.57 

heiimethyl  cyt  lotririVwiine 

40S 

0.13 

attifia 

433 

0.11 

atiCvn 

392 

12.46 

octantoicecid 

654 

020 

719 

1323 

dec  stoic  acid 

781 

027 

848 

4824 

dodecancicacid 

853 

1-59 

869 

026 

896 

0.81 

900 

0A3 

911 

014 

913 

027 

918 

029 

923 

020 

942 

3.84 

ester? 

949 

0.96 

935 

066 

962 

U9 

wiadecanoic  acid 

1042 

2J2 

ester? 

1048 

026 

1039 

068 

1093 

021 

1132 

120 

ester? 

1138 

0.79 

1130 

021 

1190 

024 

, 

1227 

020 

1241 

028 

1249 

020 

A -139 


SCANTJVIE  (aec) 


Fl(,  A*96  Amount  of  CoDected  VoUtiles  Rcnv^ning  in  GOMS 
Column  frnm  S/iaO/LOVlO  H  125*C  and  200*C 


TEST  INFORMATION 


MATERUL  TESTED : 

DATE  TEST  STARTED ; 

GC/MSDATA  FILES: 

125®CTesi; 

200®CTcst: 


Chemglaze  2306  paint 
March  19. 1988 

JG7APR88E 

JG7APR88D 


Test  Tcrapciature  CQ 


125 

75 

MATERUL  SAMPLE  DATA : 

Area(an-*l 

39.15 

39.15 

Weight ,  pretest  (g) 

0.59114 

0.60470 

Total  mass  loss  (%) 

2J2 

140 

ISOTHERMAL  TEST  DATA : 

Test  duradon  (h) 

24 

24 

QCM/Tempsratuie  Data  File 

G0319 

G0323 

Mass  SpecDometer  Data  File 

m 

N 

QCM  THERMAL  ANALYSIS  DATA : 

QCM/1  emperatme  Data  File 

G0320Q 

G0324Q 

Mass  SpecQnometa  Data  File 

N 

COMMENTS : 

-  ineteiial  is  a  one-component,  Hai-black  coadng  with  carbon  black  pigment  and 
polyurethane  binder  product  by  Lord  Corp. 

-  LrvtSC  EPS#  37-494-0100134 

•  samples  supplied  by  B.C.  Petrie,  LMSC  Materials  &  Processes  Engineering  (0/62-92) 

-  sample  subsaates  were  aluminum  discs  1.0  inch  diameter  by  0. 13  inch  thick 

-  sample  cunliguradon  (125”C  test):  S  A1  discs  spiayed  on  one  side 

-  sample  configuiadon  (7S°C  test):  5  A1  discs  sprayed  on  one  side 

*  mass  spectrometer  scanning  m/e  ■  10  to  500 

-  mass  4>wtroineter  recalibrated  between  12SX  and  75X  Isothermal  Tests 


Rg-  A-97  To?al  Mass  Loss  and  Outgassing  Raie  as  Functions  cf  TiiM  foi  a 
Chetnitiaze  ZS06  Sample  «:  125^ 


A  •142 


150KQCM 


220KQCM 


298KQCM 


Fig.  A-98  Volatile  Condensable  Maferial  on  CoMeacr  QCMs  ai  1 5C'  K,  220  K,  ard 
298  K  as  a  Function  of  Time  for  a  Chcmglaze  Z306  Sataple  at  125®C. 


3 


Rg.  A-99  QTGA  Data  for  Outgassing  Ptoduos  Collected  on  the  90  K  QCM  from 
a  Cheir.glaze  21306  Sample  at  Mass  of  Collected  Outgassing 
Products  Remaining  qn  the  QCM  and  Evaporation  Rate  from  the  QCM 
as  Functions  of  Temjwratuir. 


OUTGRSSING  Ri^TC  •> 


TCST  TIMC  !►»> 


Fig,  A- 100  "iotai  Mass  Loss  and  Oatgassirg  Rate  as  Functions  of  Time  for  a 
Chcmglaze  Z306  Sample  at  75X. 


A  145 


ntr  rf(t  iKfi 


150KQCr»^ 


220KQCM 


298KQCM 


Rg.  A- 101  VolatiJ^!  Cordmsablc  Material  on  Collector  QCMs  at  150  K,  220  K.  and 
298  K  as  a  Function  of  Time  for  a  Clcmglaz^  Z306  Sample  at  75°C. 


P 
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tM 


Fig,  A- 102  QTOA  Data  for  Out  gassing  Products  Collected  on  the  ^  K  QCM  from 
a  Chcmglaze  ZX6  Sample  at  75®C  Mass  of  Collected  Outgassing 
Products  Remaining  on  the  QCM  and  Evaporador.  Rate  from  the  QCM 
as  Functions  of  Temperature. 


A -147 


GC/MS  Data  for  Chemglaze  2306  at  IZS^C 
Quantitation  Report 


AMOUNT  OP 

SCANTIMO  DETECTCD  SPECIES  SPECIES  IDENTIFICATION 

(W)  (poceM) 


137 

oxn 

244 

005 

330 

0A2 

344 

007 

S66 

5306 

inma  of  *374,  (C7H16O3)  alcoM 

574 

13.73 

l-(2*methogiypnpog(y>’2'pni|>0iol 

619 

003 

alooM 

629 

0.18 

662 

106 

alcohol 

671 

007 

alcohol 

773 

002 

^14^18^  cyclic  olefln  Iceione 

SOI 

28/40 

butylated  hydioxy  toluaio  (B.RT.) 

S42 

0.73 

Tabic  A-27 


GC/MS  Data  for  Cbemglaze  2306  at  200X 
Quantitatlun  Report 


AMOUhn'OP 

SCAN  TIME  DETECTCD  SPECIES  SPECIES  IDENnFIC\110N 

(kc)  (petotaO 


83 

2,95 

002aiufaa 

103 

0^ 

)29 

0.98 

2-4iieiliyl-l-pauene 

138 

li» 

44netiiyl-2-peniene 

ISO 

0.21 

179 

1.94 

l>authoiiy>2>propam>) 

224 

021 

4'fne(hyl-2-peaianaDe 

240 

0.73 

4Hnediyl'2-pentanol 

24S 

0.11 

275 

0.12 

297 

0.06 

330 

0A2 

344 

0.40 

388 

223 

2<2*inethoji>’ethoxy)  ethanol 

433 

0.18 

437 

0A8 

l-(2-flic4l»r.y-l>fnethyl  cthnyl'T-piopancI 

SS4 

0.67 

566 

4om 

iaomer  of  9573,  (C7H15O3)  alcohol 

574 

9.78 

l-C^netlio^y  propoxyVZ'pnpinol 

619 

022 

.  alcohol 

629 

0.15 

662 

0.72 

alcohol 

673 

0A3 

alcohol 

697 

629 

toluene  dilaocyinaie  (T.OJ.) 

725 

021 

775 

0.80 

Ci4Hii(02  cyclicolerm  ketone 

800 

2320 

twcyiaied  hydroxy  toluene  (BilT.) 

843 

023 

1273 

424 

iriphenyl  phosphate 
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INOCyMSCOLUMN  (PloccaO 


0  200  400  600  800  1(\»  1400  1600 

SCAN' TIME  (ICC) 


0  200  400  600  800  1000  1200  HOO  1600 

SCAN  TIME  <icc> 


FiK.A-103  Ainounl  of  Coliccied  Voliiiles  Remaining  in  OC/MS 
Column  from  Chemglaze  ZJ06  ai  125*C  and  2O0”C 


TEST?JSt'QRMATION 


MATRRUL  TESTED: 

DATE  TEST  STARTED : 

GC/MS  DATA  F1LF5 : 

125‘’CTesi: 

200®CTtfst: 


DC  09^313  thermal  control  coating 
July  21. 1987 


data  not  available 
data  not  available 


Test  Tempemuire  t,*C) 


125 

75 

25 

MATERIAL  SAMPLE  DATA : 

Area  (cm2) 

17.88 

18.53 

18.31 

Weight,  pretest  (g) 

0.69 

0.43 

0.54 

Total  mass  loss  (%) 

.39 

.40 

.19 

ISOTHERMAL  TEST  DATA : 

Test  duration  (h) 

121 

113 

120 

QCM/Temperature  Data  File 

G072I 

G0729 

C0807 

?da$s  Spectrometer  Data  Fie 

•* 

QCM  THERMAL  ANALYSIS  DATA  : 

QCM/Temperature  Data  File 

G0727Q 

00803Q 

G0812Q 

Mass  SpecMmeurr  Data  File 

m 

H 

COMMENTS : 

•  material  is  a  thamal  control  coating  with  sil'^er  flakes  and  polysiloxane  resin  binder 
manufactured  by  D.A.  Vance,  LPARL  Thermal  Sciences  Labmtory  (0/92-40) 

•  Jie  polysiloxane  resin  is  produced  by  Dow  Coming  Corp. 

-  samples  supplied  by  H.B.  Cjeide,  LMSC  Materials  &  Processes  Engineering  (0/62-92) 

-  sample  substrates  were  aluminum  discs  1 .0  inch  diameter  by  0. 1  inch  thick 

•  sample  conflgurationvT2S‘*C  test):  3  A1  discs  sprayed  on  one  side 

-  samplr  onfiguradon  (75”C  test);  3  A1  discs  sprv.yed  on  one  side 

-  sample  configuration  (2S*’C  test):  3  A1  discs  sprayed  on  one  side 

-  initial  sample  weights  are  i  10%  (Note  2.  Sec.  A.l  .4) 

-  no  QfTA  performed  on  220  K  and  298  K  QCMs  after  125“C  Isothermal  Test 
(Note  i.  Sec.  A.  1.4) 

-  no  Ql’A  performed  on  298  K  QCM  after  75®C  Isothermal  Test  (Note  8,  Sec.  A.  1 .4) 

-  no  (^TA  pcrfomied  on  298  K  after  25®C  Isothermal  Test  (Note  8,  Sec.  A.  1 .4) 

-  in'erlcck  chamber  evacuated  with  mechanical  pump  (Note  10,  Sec.  A.  1.4) 

-  GC/MS  data  not  available  for  this  material  (Note  5,  Sec.  A.  1.4) 

-  mass  spectrometer  scanning  m/e  «=  10  to  600 

-  mats  spectrometer  sensitivity  very  low  (Note  7,  See.  A.  1 .4) 


A-  ISl 


OUTCnSStNC  »«Tt  at  TOTHL  ••58  LAM  IP«ardWtt> 


Fig.  A-105 
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(Volatile  Condcnsafjle  Material  on  Collector  QCMi  at  150  K,  220  K, 
ind  298  K  as  a  Function  of  TLt«  for  a  DC  Q9-63  i  3  San-.p!'  at  125®C 
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Fig.  A-108  Volatile  Condensable  Material  on  Collector  QCMs  at  1 50  K  ?20  K, 
and  298  K  as  a  Function  of  Time  for  a  DC  Q9'6313  Sample  .ii  75°C. 
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Fig.  A- 109  QTGA  Data  for  Outgassing  Pnxlucts  Collected  on  ihe  90  K  QCM  from 
a  DC  Q9-63 13  Sample  at  75®C.  Mass  of  Collected  Ouigassing  Products 
Remaining  on  the  QCM  and  Evaporation  Rate  from  the  QCM  as  Functions 
of  Temperature. 
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Fig.  A-1 1 1  Volatile  Q>ndcnsablc  Material  on  Collector  QCMs  at  150  K,  220  K, 
end  298  K  as  a  Function  of  Time  for  a  DC  Q9-63 1 3  Sample  et  25®C. 
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Fig.  A- 1 1 2  QrO A  Dm  for  Out£assing  nrtxlucts  Collected  on  the  90  K  QCM  from 
A  DC  Q9-631.^  Sample  at  25®C.  Mass  of  Collccicd  Ouigvsing  Products 
Remaining  on  me  QCM  and  Evaporation  Rate  from  the  QCM  a:  Functions 
ofTemperpture. 
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Table  A-29 


GC/MS  Data  for  DC  Q9-6313  at  12S"C 
Quantitation  Report 


SCAN  TIME 

(JBC) 

AMOUNT  OP 
DEIECTED  SPECIES 
(pen  cm) 

SPECIES  IDENTIFICATION 

GC/MS  L.v 

MOT  AVAILABLE 

A -161 


Table  A-29 


GC/MS  DaU  for  DC  Q9-6313  at  200X 
Quantitation  Report 


AMOUhfTOF 

SCANTIMH.  DETCCTED  SPECIES  SPECIES  IDENTinCATlON 

(M)  (pcRcnt) 


GC/MS  DATA  NOT  AVAILABLE 
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NO  GC/MS'  DATA  AVAILABLE 
FOR  TIflS  SAMPLE  AT  12S*C 


NO  GC/MS  DATA  AVAILABLE 
FOR  THIS  SAMPLE  AT  200*C 


Fif.  A*l  13  Amount  o(  Collected  Vobtilee  Remaining  in  GcyMS 
Column  from  DC  Q9-63I3  at  12S*C  and  TOfTC 
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TESrnmiRMATIQN 


MATERIAL  TESTED: 

DATE  TEST  STARTED ; 

GC/MS  DATA  FILES : 

125“CTest: 

200^Test; 


Aremco569  tbennal  control  coaling 
June  29. 1987 


data  not  available 
data  not  available 


T«t  Tenqjenmiie  (“O 


MATERIAL  SAMPLE  DATA : 

Sao^Ie  Area  (cm^) 

Weight,  pretest  (g) 

Totu  moss  loss  (%) 

ISOTHERMAL  TEST  DATA : 

Test  duration  (h) 

QCMA'eniperature  Data  File 
Mass  Specttomcrer  Data  File 

QCM  THERMdAL  AN,a  YSIS  DATA : 
QCM/ren:^>enuure  Data  File 
Maas  SpecfinxrettU'  Dara  Hie 


125 

IS 

25 

17.88 

18.53 

18.31 

0.44 

0.78 

0.80 

3.58 

2.28 

1.39 

25 

24 

24 

G0629 

n 

C07O1 

M 

G0706 

•4 

00630Q 

G0702Q 

M 

G0707Q 

fV 

COMMENTS; 

.  material  is  an  inorganic,  thermal  control  coating  i^th  aluminum  oxide  pigment 
and  potassium  silicate  binder  produced  ^  Aiemco  Com. 

•  samples  supplied  by  H.B.  Gjerde.  LMSC  Materials  &  Processes  En^eeiing  (0/62-92) 
.  sample  jurntrates  were  aluminum  discs  1.0  inch  diameter  by  0.1  inch  thick 

•  sample  conrigoradon  (125X' test)'  3  AI  discs  sprayed  on  one  ride 

•  sample  conflgurad  )n^5X  test):  3  A!  discs  sprayra  on  one  side 

-  s&mpleconf:guradon(2iTtest):  3  A1  discs  sprayed  on  one  side 

•  inidid  sample  weighu  are  ±  10%  (Note  2,  Sec  A.  1.4) 

•  no  (^A  p^omied  on  ISO  K,  220  K,  and  298  K  (jCMs  after  125*’.C  Isothermal  Test 
(Note  8.  Sec.  A.  1.4) 

•  no  (^A  performed  on  150  K,  220 IC.  and  298  K  after  7S**C  Isothermal  Test 
(Note  8.  Sec.  A.  1.4) 

•  no  QTA  performed  on  150  K,  220  K.  and  298  K  (^CMs  after  25*C  Isothermal  Test 
(Note  8,  Sec.  A.  1.4) 

•  COMS  data  not  available  for  this  aaterial  (Note  5,  Sec.  A.  1 .4) 

.  mass  tpectrotneter  scanning  rr/e  10  to  600 

-  mass  spectrometer  scnsic^nty  very  low  (Note  7,  Sec.  A.  1 .4) 
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Hg.  A-115  VcUdle  Condoiuible  Material  on  Collector  QCMs  at  150  K,  220  K.  . 

and  298  K  aa  a  Function  of  Time  for  an  Aitmco  569  Saisple  at  125°C. 
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Fig.  A- 1 16  QTGA  Data  for  Outgassing  Product  Collated  on  the  90  K  QCM  &om 
an  Aremeo  569  Sa^e  at  125®C.  Mass  of  Collected  Outgassing  Products 
Remaining  on  the  QCIvl  and  Evaporation  Rate  from  the  QCM  as  Functions 
of  Temperature. 
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Fig.  A- 1 17  Total  Mass  Loss  and  Ouigassing  Rate  as  Functions  of  Time  for  an 
Aremco  569  Sample  a;  75"C. 
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Fif.  A-1 18  Vobtile  Condensable  Material  on  Collector  QCMs  at  150  K,  220  K, 
and  298  K  a$  a  Function  of  Tune  for  an  Aremcu  569  Sample  at  75°C. 


DON  TDWawnjK  (K) 


/ 


I 


rCST  TtfC  Chr) 


IB  R  R 

TEST  TIME  <hr) 


Fig,  A-i20  Total  Mass  Loss  and  Ouigassing  Rate  as  Fu/icUon^  of  Time  for  in 
Arenxo  569  Sample  at  25®C. 
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Fig,  A- 122  QTG.\  Duta  for  Outgasssisg  Products  Collected  on  the  90  K  QCM  from 
an  Arnneo  569  Sample  at  25°C  Mass  of  Collected  Outgassing  Products 
Remainiiig  on  the  QCM  and  Evaporation  Rate  from  the  QCM  as  Functions 
ofTerrperaturc. 
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TaMtA40 


OC/Mf  Data  for  ArtmaoMf  a(  IU*C 
QaaiiUtaUoiilU^ft 


fCANlYMI 

m 


AMOUNT  00 

ofTiCTiD  rncoi  man  mkivicaiion 


OC/MI  DATA  NOT  AVAIUII J 


Table  A.31 


GC/MS  Data  for  Aremco  S69  at  200'’C 
Quantitation  Report 


9 

AMOGNTOF 

SChNTIMB 

DETECTCD  SPECIES 

SPECIES  IDEhmnCAriON 

t 

<>K) 

(poccrt) 

GC/MS  DATA  NOT  AVAILABLE 
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NO  GC/MS  DATA  AVAILABLE 
FOR  THIS  SAMPLE  AT  USX 


NO  GC/MS  DATA  AVAILABLE 
FOR  THIS  SAMPLE  AT  200*C 


Rf.  A*123  Amount  of  Collected  Volatiles  Remaining  in  COMS 
Column  from  Aremeo  569  at  125X  and  200®C 
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lESTPSFORMATlQN 


MATERIAL  TESTED: 

DATE  TF'j  I  STARTED : 

GC/MS  DATAFILES: 

l25*CTcsi: 

200*CTcst: 


LMSC 1 170  thcnnal  control  coating 
July  9.  '961 


data  not  a*'ul^'ole 
data  not  available 


Test  Ten^Kiatuie  (*C) 


MATERIAL  SAMPLE  DATA : 

125 

75 

25 

Area  (cm2) 

18.53 

18.31 

18.53 

Weight,  pretest  (g) 

0.29 

0.41 

0.35 

Total  mass  loss  (%) 

2.89 

1.88 

0.86 

ISOTHERMAL  TEST  DATA : 

Test  duration  (h) 

24 

24 

23 

•  (JCM/Temperatuie  Data  File 

G0709 

G0713 

G0715 

l^ss  Spectrometer  Data  File 

m 

QCM  THERMAL  ANALYSIS  DATA  : 

(X^VTen^icratuie  Data  File 

G0710Q 

G0714Q 

no  data 

Mass  Spectrometer  Data  File 

nodaui 

m 

no  data 

COMMENTS: 

•  material  is  a  transparent  silicate  thennal  control  coating  with  aluminum  oxide  and 
zinc  oxide  pigments  and  potassium  silicate  binder  produced  by  LMSC 

•  samples  supplied  by  H.B.  Gjerde,  LMSC  Materials  &  Processes  Engineering  (0/62-92) 

•  sample  substrates  were  aluminum  discs  1 .0  inch  diameter  by  0  linch  thick 

•  sample  configuration  (125*‘C  test):  3  A1  discs  sprayed  on  one  side 

•  sample  configuration  (75^  test):  3  A1  discs  spray^  on  one  side 

•  san^le  configuration  (25*’C  test):  3  A1  discs  sprayed  on  one  side 

-  initial  sample  weights  are  ±  10%  (Note  2,  Sec.  A.  1.4) 

•  no  25*’C  isothermal  outgassing  test  data  after  1 8  his  due  to  liquid  nitrogen  failure 
(Note  9.  Sec.  A.  1.4) 

•  no  (jTA  performed  on  150  K,  220  and  298  K  (JCMs  after  12S*’C  Isothermal  Test 
(Note  8,  Sec.  A.  1.4) 

•  no  QTA  performed  on  150  K,  220  K,  and  298  K  (JCMs  after  75*C  Isothermal  Test 
(Note  8,  Sec.  A.  1.4) 

-  no  (}TA  performed  on  (JCMs  after  25*C  Isothermal  Test  due  to  liquid  nitrogen  failure 
(Note  9,  Sec.  A.  1.4) 

-  interlock  chamber  evacuated  with  mechanical  pump  (Note  10,  Sec.  A.1.4) 

•  GC/MS  data  no:  available  for  this  material  (Note  S,  Sec.  A.1.4) 

-  mass  spectrometer  scanning  m/e  *«  10  to  6(X) 

-  mast  spectrometer  sensitivity  very  low  (Note  7,  Sec.  A.  1 .4) 
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Fig.  A  •124  Total  Mass  Loss  and  Outgassing  Rate  as  Functions  of  Time  for  an 
LMSC 1 170  Sample  at  125®C 
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Fig.  A- 123  Volatile  Condensable  Material  on  Collector  QCMs  at  150  K,  220  K, 
and  298  K  as  a  Function  of  Time  for  an  LMSC  1 170  Sample  at  123"C. 


Fig.  A-126  QTGA  Dati  for  Ouigassing  Poxiucu  Collected  on  the  90  K  QCM  from 

an  LMSC  1 170  Sample  at  125®C.  Mas*  of  Collected  Ouipassing  Products 
Remaining  on  the  QCM  and  Evaporation  Rate  from  the  QCM  as  Functions 
of  Temperature. 
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Fig.  A- 127  Total  Ma.«  Los»  and  Oiiif.issing  Rate  as  Functions  of  Time  for 
LMSC  1170  Sample  at  Ib'V. 
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Fl|.  A- 128  VoUtile  Coodcniuhlc  Mairrial  on  CoIIfcinr  OTMi  ai  If/O  K,  220  K. 

and  298  K  If  1  Func  tion  of  Time  fiy  an  LMSC  1 170  Sample  at  7S''C. 
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I  ig.  A- 129  QTXJA  Il.iia  rhitf.asstnf’  fVixtiK  im  iJ)f  00  K  QCX^ 

an  LMSC  1 1 71)  Satni'le  nt  7'''('.  ('ullrctrtl  Oiip.avMo;  i’ruhK'ti 

Rfrrwininj;  <»n  ilic  iik)  I  An,iitrniu>n  Kmc  fn.itn  the  (^’M  I  unciic'ni 
erf  Tcmpoi  lure. 
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Flf.A  - 1 30  T<>«»l  I  and  Rate  at  I'urK  lion*  of  Tinv  for  an 

LM.SC  1170  Sample  at2‘)  ’C 
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I  ig  A-1  ^  1  Vol.iilr  ('iMwIrn^.ililf  M^irn.i!  on  {'olln  ti>r  (^’Mj  »l  1 V)  K,  2^0  K, 
*rHl  2*^8  K  a  I  nm.0nn  i>f  I  itnc  fut  an  I  MM'  1170  Samplv:  a( 
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No  Dait  A*aUahfc  •  Q<'M  Thfrmal  Analt^U  Not  Pertoniv^ 
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T»M#  A  .12 
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> 


(KMi  .1  M  (  .1 
t»J  II  .  M  It  I.ri  I  i(  \ 

««M  I 


VIH  I  \  Wit  KIIIW 


(.<  IMI  4  \Ml  4\  4il  4111  I 


A  I*' 


TM«A4I 

Omi  Dtti  ll»r  LMfC  lirOat  SOOT 
OttukllAtlMi  KMAft 


AMOUNT  Of 

OCANTM  Dtncnoineaf  OMCflODvrnfiCATioN 

(■0  <pMnO 


QOm  DATA  NOT  AVAlUBLI 


A ‘III 


4 


NO  OC/M8  DATA  AVAILABLE 
FOR  THU  SAMPLE  AT  125*C 


NO  OC/M8  DATA  AVAILABLE 
FOR  THU  SAMPLE  AT  300*C 


Plf,  A'133  Amount  of  Collected  Volitilc*  Remilning  in  GC/MS 
Column  frotn  LMSC  1170  at  123*C  tnd  200*C 
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TEST  INFORMATION 


MATERIAL  TESTED: 

DATE  TEST  STARTED ; 

GC/MS  DATA  FILES : 

l25®CTest: 

20(yCTest: 


AS4/PEEK  (caitnn  fibcr/Acnnoplactic  resin)  , 
April  1. 1988 


J018DEC87F 

JG22nEC87C 


Test  Ten^xnuure  (®C) 


123 

75 

MATERIAL  SAMPLE  DATA : 

Areafcm^) 

51.47 

51.23 

Weight,  pretest  (g) 

6.46845 

6.43232 

Total  mass  loss  (%) 

ISOTHERMAL  TESl  DATA : 

0.04 

0.03 

Test  duration  (li) 

48 

48 

(^CMfTenqxrature  Data  File 

Mass  Spectrometer  Dau  File 

(30401 

m 

G0403 

M 

QGM  THERMAL  ANALYSIS  DATA : 

(jCMTemperature  Data  File 

(30403Q 

G0405Q 

Mass  Spectrometer  Data  File 

fS 

•• 

COMMENTS: 

•  material  is  4  composite  using  AS4cattKxi  fiber  and  a  Victrex'polyetheretbeiketone 
thera^lastic  matrix  pitxlutM  by  lo^ienal  Chemical  Industries  liiL 

-  samples  supplied  by  R.G.  Rudness,  Martin  Marietu  Energy  Systems,  Inc. 

•  sanqrle  oonffguntion  (125X  test):  4  squares,  each  1.0  inch  by  1.0  inch  by  0.060  inch 
.  sample  c^guradon  (75X  test):  4  squares,  each  1.0  inch  by  1.0  inch  by  0.060  inch 

•  samples  were  cleaned  with  isopropyl  ucohol  24  hours  before  start  of  test 

•  no  (^A  performed  on  130 IC  220  k.  and  298  KQCMs  after  125”C  Isothermal  Test 
(Note  8,  Sec.  A.  1.4) 

•  no  QTA  p^ormed  on  130  K.  220  K.  and  298  K(2CMs  after  7S*’C  Isothermal  Test 
(Note  8,  Sec.  A.1.4) 

•  taass  spectrometer  scanning  nVe  ■  10  u>  500 


A- 190 


OUTOISSXNC  WITC  TOTI^ 


150KQCM 


-n — M — n — n — v 

tnt  ttfv 


220KQCM 


298KQCM 


Fig.  A-13S  VoladJe  Condensable  Material  on  Colleaor  QCMs  at  ISO  K.  220  K.  and 
298  K  as  a  Function  of  Hme  for  an  AS4/PE''.K  Sample  at  12S°C. 
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Fig.  A*  1 36  (yro A  Data  for  Outgassing  Producu  Collected  on  the  90  K  QCM  from 
an  AS4/PEEii  Sample  at  12S^C  Mass  of  Collected  Ouigasjlng  Products 
Remaining  on  tlie  QCM  and  Evaporation  Rate  from  the  QCM  as 
Functions  of  Temperature. 


A  - 193 


fitt  tl«« 


150KQCM 


220KQCM 


298KQCM 


Hg,A-t3S  Vol 


tile  Comlcnuihle  UfaicrisI  on  Collecinr  QCMs  at  1  SO  K,  220  K,  and 


298  K  ti  A  Function  of  1  tine  for  an  AS4/l’Li:K  Sample  at  7ST. 
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Pig,  A*  1.19  QTTiA  Dat*  for  Oiitgssiinp  I  ir)ucI!(  ColIrcjrtJ  «i  th«  90  K  CX-M  fr\>m 
An  AS-l/l’Ll-K  Sample  ai  75*’C.  Mam  of  Collecicd  OiipB^'-ng  huliKts 
Pemaining  «i  ihe  QTM  ar^J  !-vojxxaU(>n  Rais  fiom  the  QC’M  as 
Functions  cf  Tcmpc/aturc. 
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Table  A-34 


GC/MS  Data  for  AS4/PFEK  at  12S"C 
Quantit»::o«t  Repoit 


SCAN  TIME 

(*c) 

AMOLTMTOF 
DETECTED  SPECIES 
(pe^cnt) 

SPECIES  identification 

73 

37.35 

COjutifact 

73 

9.23 

90 

12.64 

ianpropanol 

106 

3.41 

A-finifiiuwt 

127 

2.04 

chkaoionn 

225 

4.47 

lolueM 

693 

2.44 

^14>l30<  MWI9S,  hydrocartnn.  icovlecane? 

754 

3.43 

C15H32.  MW  212,hydroc«biM.  (enadecanc? 

113 

1j65 

S13 

23J1 

C16>*3C04  dicaw 

A.  197 


TaM*  A-15 


GC/MS  Data  for  AS41>EEK  at  200X 
Quantitation  Report 


SCAN  TIME 
<*«) 

AMOIVTOF 
Dirrecn:D  sreoEs 
(poccnt) 

SPECIES  IDENTinCATION 

S6 

4.70 

■oprofianot 

t03 

146 

n  rnpMtnl 

123 

103 

chloisfann 

214 

1.79 

lolueoe 

S93 

064 

«5t 

103 

C|4H)o>  MW  I9S,  h)'dnxirtvn,  e.f .  umdecjne 

717 

2.31 

Ci6lt32.MW  212,hydr3cartnn,e.|  peniaitKane 

775 

1466 

C|6Hy>04  dirner 

951 

59.93 

l.r  lul/onyl  biibouana 

1092 

1.20 

1146 

U3 

Wa(2'^thylheay()•dipMe 

1207 

1.76 

t243 

2.n 

phlhaUrii  dietut,  mjt  149  bMC  peak 

I2J5 

101 

1377 

3.74 

A -191 


0  200  4(X)  un  Ii(i0  |0()0  1200  1400  I(SOO 

SCAN  11  mi;  (%i\) 


Hi  A- 140  AmiiurH  of  C(>llr<  ml  S'olilikt  Rrmimini  lA  r<7M5 
Column  frtwn  AS4,1'I  I  K  M  I  JS't  wx)  2i«rC 
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MATF.KIAl.  Tf-STFi) : 

DATE  T^ST  STAKTK.U : 

CC/MS  DATA  riLI^^S : 

125*CTfM: 

aXTCTcM: 


ASAI'I’S  (ctrtnn  rihffAhamppUtnc  rtjun) 
Novernhrr  20,  19S7 


jr.21t)t  ('X7n 

K]22DI.C87D 


Tf«  TfmprT'<ifure  ("O 

115  75 


MATT:RtAL  SAMPLE  DATA : 


Area  (cm^) 

2612 

26  12 

Weieht,  ptTieai  (g) 

TotiJ  maat  ktai  (%) 

6*1730 

6  *4  US 

006 

003 

LSOTIfERMALTEST  DATA : 

Teald.irafvwt  (h) 

57 

53 

OtTVIemperature  Dau  1  ile 

CM  20 

01124 

Mats  Speamenrief  t)au  1  tie 

ta 

• 

(KM  THERMAL  ANALYSIS  DATA  : 

Ot^M/Tempmiure  Oaia  I  ile 

aiI22Q 

OII26Q 

Ma«  Spectmtneier  D.:U  I  ilc 

• 

m 

COMMENTS  t 

•  material  it  a  compinitr  utlng  AS4  ra/tr>n  fi^rr  and  a  Ryion  polypheiiyirne  sulnhidr 
ihfrmnplatiic  m»in«  pn*luc«1  hy  I’hillipi  lVm>lf  'im 

•  lampiri  mpplicd  by  K.f}.  Kudnriia,  Martin  Majirtia  I Jret£y  Syarrmi,  Inc. 

•  lamplecrKifiguraiKin  ( I25‘'rifit);  4  •tjuarri,  rath  I  0  inth  hy  1  0  in  h  by  Orv/)  jiKh 

•  aample  configuration  (75*C  leal).  4  •oiiarra,  eai h  1 .0  tnt  h  by  I  0  l-ich  by  0  OfiO  ifKh 

•  aamplei  tarre  tleaned  taith  la<ij>nM'yI  aKohol  74  h<iur»  brforr  atari  t-f  tfti 

•  noQTA  prrfomrrd  on  79X  K  (J(’fi4  afirr  I?5'’('  Ki-thrnral  Teal  (N«»te  X,  Sec  A  I  4) 

•  no  OrA  peifonned  tai  2VX  K  (X'M  after  7.5*C  laothcrmal  Teal  (Ntae  8,  Sec.  A.  I  •!) 

•  iiuaa  tpeatnimeier  iianntnf  nVe  •  10  to  500 


A  •  7(n 


Volidto  Gondfniabtf  Ma(«riil  rni  CoUeotur  QCMi  xt  150  K,  220  K,  «nd 
291 K  u  I  I'uncdofl  of  Tlmt  for  ra  Ahi/hs  fltmplt  at  12S*C. 


OCH  TCt^MTURt  (K) 


Fig.  A-J43  QTQA  Data  for  Outgassing  Products  Collected  on  the  90  K  QCM  from 
an  AS4/PPS  Sample  at  1 2S”C.  Mass  of  Collected  Outgassing  Products 
Remaining  on  the  QOd  and  Evaporation  Rate  from  the  as 
Functions  of  Temperature. 
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Fig.  A-145  Volatile  Condensable  Material  on  Collector  QCMs  at  150  K,  220  K,  and 
29>*  K  as  a  Function  of  Time  for  an  AS4/PPS  Sample  at  75®C. 
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Flf .  A-146  (?rOA  Data  for  Outgostin/,  I^ucta  Collected  on  the  90  K  QCM  from 
an  AS4/PPS  Sample  at 75^C.  Maaa of  CoIlec'iCd  Outgassingn^uctt 
Remaining  on  the  QCM  and  Evaporation  Rate  from  the  QCM  aa 
Funcdona  of  I'emperature. 


Tabic  A.36 


GC/MS  DaU  for  AS4/PPS  at  125T 
Quantitation  Report 


• 

AMOUWOP 

SCAN  TIME 

DETECTED  SPECIES 

SPECIES  IDENTIFICAIION 

dee) 

(peiom) 

70 

2IA0 

72 

31.37 

CP2CI2  (dichloiodifluorenwhaiM) 

75 

0A4 

C02anifaet 

16 

065 

inpropuiol,  leeiont,  hydroeabon 

too 

065 

n^prapiiKil 

119 

IJ9 

CHO5  (chlotofoim) 

135 

0.76 

2«metliyl‘l.  3>6iOMl«M 

211 

2.15 

lOliMM 

32S 

10.76 

dUtydn^lfunnone 

348 

061 

361 

0.99 

2>nMih)rl*l,  3, 6>trtosoem 

3M 

0J9 

387 

068 

3wiM6iylHiihy(lri^26iain(^^ 

390 

062 

393 

065 

Mimihylbentaw 

441 

6.16 

N>mMMNntamlM 

747 

164 

Ci9H240p»Nnolk,HW220 

757 

066 

' 

774 

964 

Cl6M30O4.4i«Mtf 

710 

266 

C|4H22Opiunolk,HW206 

K.W 


TftbteA.37 


GOMS  Dtti  for  ASiTPS  it  200*C 
QuanUtation  Report 


AMOUKTOF 

SCANTIMB  DBllCTED  SPECIES  SPECIES  IDENTinCATlON 

(nc)  (poem) 


16 

OAI 

m 

0i7 

139 

1.70 

219 

0A4 

347 

14A4 

393 

042 

391 

043 

369 

1J5 

3r 

443 

396 

049 

409 

1.11 

434 

045 

441 

1119 

461 

047 

S90 

100 

566 

143 

573 

0.75 

592 

146 

599 

346 

717 

046 

725 

146 

737 

146 

790 

940 

791 

1.97 

776 

4.76 

715 

7.56 

109 

M2 

rt 

1.13 

900 

171 

915 

177 

929 

1.10 

999 

047 

1014 

149 

1030 

143 

l(Vt3 

145 

1094 

040 

1107 

243 

1169 

0.98 

1116 

0.99 

1199 

0.76 

1312 

049 

1380 

143 

1430 

1.75 

1441 

143 

feUM 

dilarafonn 

iHnethyl*!,  Mloutane 
toluene 

dihydn^lfmnone 

Iwneihyt'l,  3.  S-aiosecene 

MitiyOropynn>2«m 

enlUne 

phcml 

lO^ihotyMtKnyMttnol 
l*fnelayl>2*p]n>lkllnone 
N^metfiyl  beiitcnenifaie 

3*(2><24neihosya)io>y)eth(ny]e(hanol 


3'(2KI«lh(My«(Ha«y)eUK»y]edi^ 

3<hloeo4<4ncO)y1  bciusemniine 

Mifictbwn  iTCvloe  iw 

iMUr  10  2*(3'<3<U«sytOioxy)eihosy)ethanol 

ibniltf  10  2'i2K2<Uiosyttho)iyXihmykt>ionoi 

Cl5H2(O|)tiCfK>lic,MWX20 

C]7H2|  vonulic  ootnpoteid 

Cl6H3<]04>^>«tier 

C|4H2^  pSienolk,  MW 

li)lMnyl'Z'pyroUdinone 

limlW  10  2>(2*<2>cthQtyeilNgiy)oit)09iy)cthanol 


l-4iitro4>plicnoRybenBene 


t<h]oeophenMM«zJtv4^ 
C20H34O4  polyethoxyphenylMha  7 


phJuleie  diester 


Flf.  A-I47  Amcvni  of Colleci^d  Volaiilu  Rcniaining  in  CC/MS 
Column  from  AS4/PPS  M  125*C  and  2(XrC 


A. 209 


TE<^'\LTESTIiD :  AS4<350 i *6 (Source  A)  (cartxjn  fibcrAhcmiw epoxy) 

Date  test  started  :  December  3. 1987 

GC/MS  DATA  FILES : 

l25"CTe$i;  J018DEC87D 

200X  Ten :  K322DEC87B 


Test  Tempu«tu.e  (*C) 


125  73 

MATERIAL  SAMPLE  DATA : 

Af-a(cni2)  26^  26.2 

Wdfht.  pretest  U)  5.91837  3.84784 

TooJrmm  tou  (%)  0.20  0.08 

ISOTHERMAL  TEST  DATA : 

Test  duration  (h)  50  48 

QCM/Ten^penture  Dtu  File  01203  01207 

Mass  Spectraroeter  Data  File  ** 

QCM  THERMAL  ANALYSIS  DATA : 

<X^M/Teraperaiure  Data  File  0!205Q  01209Q 

MA4Specm>tneterDauFile  * 


COMMENTS : 

•  material  is  a  composite  usins  AS4  caiton  fiber  and  a  DEGBA  resin  (MY720)  ihemioset 
epoxy  matrix  produced  by  Hercuie.VCiba  Oeigy 

•  samp'es  piraaxd  and  supolied  by  R.O.  Rudness.  Martin  Marietta  Energy  S^tems,  Inc. 

•  sample  configuration  (I25®C  test):  4  squares,  each  1 .0  inch  by  1 .0  inch  by  0.060  inch 

•  sample  configuration  (75°C  test):  4  souares,  each  1 .0  inch  by  1 .0  inch  by  0.060  inch 

•  samples  were  cleaned  with  isopropyl  alcohol  24  hours  before  start  of  test 

•  no  A  performed  cn  150  K,  z20  k,  and  298  K  (^Ms  after  75'’C  Isothermal  Test 
(Notes. See.  A.  1.4) 

•  mass  spectrometer  scanning  m/e  ■  10  tu  500 


Fig.  A-  i48  Toial  Maw  and  Out|’,as$ing  Raic  as  Functioni  of  Time  for 
AS4/350I-6  (Source  L)  Sample  at  I25"C. 
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Fif,  A-149  VoUtilf.  Condcn'-nblc  Material  c>n  rclK’ctar  «t  I.V>  K.  2?()  K,  and 
298  y  as  a  l  unclion  of  1in>c  fi>r  an  AS4/3M)1  6  (Sourer  A)  Sa.i'olc  m 


:0M  •»  •CHMIMImC  on  00<  <»•'£•>■*> 
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Tig.  A- 1 50  QTXiA  D.m  for  Oi.rnv.nt;  f*n4liicts  Collrctri;  iwithr  90  K  O^M  fumi 
an  A.SVV*<ll  ^  (SiiiK.  r  A)  Sip'clc  at  !?'»'  ('  M.ts'-, (>(  ('ollfn 'r»l 

l'.(»liu  u  Mrin.iinin/  «m  ihf  (.H  M  .itvl  f  vajHiraiion  Kuc 
frirtu  ill*;  l^.'M  iu  1  Hill  1*1,11%  ti(  1  rnij’rf.-iiiiif 


A-  711 
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7\'X’ 


A  ?I1 


Table  A-38 


cam  Data  for  AS4/3501-6  (Source  A)  at  125«C 
Quantitation  Report 


SCAN  TIME 

(MC) 

AMOUNT  OF 
DETECTED  SPECIES 
(pereent) 

SPECIES  IDENTIHCATION 

74 

0S9 

C02aftifact 

90 

17J9 

isoptopanol 

105 

7A3 

iwpiDpianol  artifact 

381 

ij02 

aitifaa 

625 

2.13 

anifiact 

693 

2M 

C14H30.  MW  198.  hydrocarbon 

754 

13J7 

C15H32.  MW  212,  hydrocarbon 

803 

11.63 

Dodecanoic  Add  artifact 

812 

16A9 

C16H34.  MW  226,  hydrocarbon 

867 

3J7 

0121136,  MW  240.  hydrocarbon 

870 

0.75 

1003 

1X)3 

1029 

2.72 

attiOKt 

1077 

2,03 

polydimethyl  siloxane  attifaa 

1095 

IJO 

1102 

4.91 

artifad 

1142 

165 

1184 

6.11 

m6ba 

1309 

260 

dioctyl  phthalaie  iaomer 

aniiwt 

Oioctyl  phthaJaie  iaomer 


Table  A-39 

GC/MS  Data  for  AS4/3S01*6  (Source  A)  at  200X 
Quantitation  Report 


SCAN  TIME 

Obc) 

AMOUNT  OF 
DETECTED  SPECIES 
(jpocem) 

SPECIES  IDENTinCATlON 

73 

525 

002«tifact 

75 

039 

CF2a2 

78 

027 

87 

4.44 

propanol 

408 

OJO 

410 

OM 

3<ycloiiexaie>!-inethanol 

489 

0.90 

SOS 

6A5 

S09 

034 

S20 

031 

S44 

739 

591 

0.74 

597 

030 

659 

038 

uadecaie 

663 

038 

703 

1.12 

long  dollied  byOncaitoa 

717 

138 

pemadeane 

772 

M3 

814 

022 

kwg  chained  hydrocailioa 

824 

038 

hepadecaie 

845 

0A8 

933 

038 

943 

539 

954 

038 

phdialMedieaKr 

1005 

035 

1029 

1337 

1040 

7.19 

1047 

034 

1050 

0.19 

1195 

M9 

diheptyl  phthalate  iaomer 

1254 

3SA4 

dioctyl  phihalaie  Isooier 

A -218 


OFOOU£CTED  VOLATILES 


TEST  INFORMATION 


MATERIAL  TESTED: 

DATE  TEST  STARTED : 

GC/MS  DATA  FILES: 

12S*CTeit: 

200*CTett: 


AS4/3501^  (Source  B)  (cerbon  fiberAhennoMt  epoxy) 
February  5. 1988 

J08APR88D 

ja7APR88B 


Ten  Tempentuit  (*C) 


125 

75 

MATERIAL  SAMPLE  DATA : 

Aiea(cin2) 

Weight,  pretest  (g) 

Total  mats  loss  W 

39.51 

6.98689 

0.24 

a wee  ow  owe w  wwoae  o  ee  e  aee 

37.51 

6.51814 

0.13 

ISOTHERMAL  TEST  DATA : 

Test  duration  (h) 

QCMTempaituit  Oau  Pile 

Mata  Specoocneter  Data  File 

48 

00205 

m 

41 

00208 

«v 

QCM  THERMAL  ANALYSIS  DATA : 
(XM^empennof  Data  File 

Mail  Specoomeicr  Datt  File 

onaiQ 

O0210Q 

N 

COMMENTS : 

mAierial  U  i  oompoilte  uiinc  AS4  eaiton  fiber  and  •  1 
epoxy  matfix  produced  by  lureule^Qba  Oeiiy 
aamplei  prepaied  ty  D.M.  Carlin,  U8AF/AFWAL/M 


I DEOBA  lealn  (MY720)  thennoiet 

aamplei  prepaied  by  D.M.  Carlin,  USAF/AF^AL/MLBC 
lamplea  aupplied  by  U.  F.M.  Palco,  USAF/APWAL/MLBT 
aample  ootulgundOT  (12d*C  leir):  1  aquaie  l,7d5  inch  by  1.735  inch  by  0.092  inch 
lample  eonfifuration  ^S*C  leii):  I  louare  1.710  inch  by  1.700  Inch  by  0.090  inch 
lamplea  were  cleaned  with  iiop^yl  alcohol  24  houn  before  itait  of  leit 
mui  ipeetrometer  icannlnf  ove  ■  10  to  500 


A-})0 


tCtT  Tire  thf) 


Flf .  A* )  53  Totil  Mail  Loat  and  Out cnasinit  Rate  ai  Punctioni  of  Time  for  an 
AS4/3301'6  (Source  D)  ^mple  at  125*'C. 


ISOKQCM 
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220KQCM 
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Flf.  A-156  VoUdlc  Condensable  Material  on  CoUeaor  QCMs  at  150  K,  220  K,  and 
298  K  as  a  Function  of  Time  fn  an  AS^50l'6  (Sounx  B)  Sample  at 


ION  IWTC  C•/’c•>•X  al  MASS  RCmiNlNC  ON  OCH  «^rcant> 


IMi 


i7S  1 


OCN  ItMPtIWTunt  IK» 


Fig.  A*  157  QTGA  Data  for  Outgassing  Products  Collected  on  the  90  K  QCM  from 
an  AS4/3 501 -6  (Source  B)  Sample  at  125‘’C.  Mass  of  CoIIecte*! 
Outgassii^  Products  Remaining  on  the  QCM  and  Evaporeticn  Kate 
from  the  QCM  as  Functions  of  Torperature. 
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130KQCM 
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fCSf  tuc  IWI 


2MKQCM 


rttf  tl««  «<ia» 
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Fl|.  A.I59  Volatile  Condensible  Material  on  Collector  QCMi  at  1 50  K,  220  K,  and 
298  K  u  a  Function  of  Time  for  an  AS'1/350]  -6  (Source  B)  Sample  at 
75“C. 


A.  323 


OCH  TCMPTimTURC  IK) 


Fi|.A-  160  QTGA  D*ta  for  Outfaisin^  PirxluctJ  Collected  on  the  90  K  QTM  from 

■n  AS4/3.V)l-0  (Source  D)  Simple  at  lyC.  Maa  of  Collected  Oiitfs'-tiog 
rtalucts  Remaining  or.  the  (JCM  and  Cvaporaiion  Kate  from  the  Q<  ,M  ai 
Function!  of  Terrpcratuit. 


GC/MS  Data  for  AS4/J501  6  (Source  B)  at  12SX 
Quantitation  Report 


SCAN  TIME 

(w) 

AMOUNT  OF 
DtTl-CTLD  Srt.ClES 
(prrww) 

SPECIES  IDENTinCATtON 

S2 

21.65 

Ct>2»rttf«ci 

U 

569 

p  .ipwic 

100 

24»-A 

2-pr<Tvnal  (k.'Tolci.'i) 

no 

R.62 

CM;Ul2 

121 

3.29 

2-n>fthyl-2-jTPp«ttl 

243 

2.72 

miuene  vtirjct 

354 

2.35 

•liplttuc  hyOrourtKVt 

404 

2.70 

arutact 

434 

0.95 

■tifact 

436 

1.79 

mifaa 

454 

1.51 

■ufad 

514 

2.64 

537 

3*0 

588 

14.18 

«nipecin«(l  aldehyde 

791. 

346 

bii'ytatcd  hydroxy  mluene  OH  T.) 

Tabl*A4l 

GC/MS  Data  for  AS4'3501-«  (Source  B)  at  2Q0X 

QuantUatitin  Krport 


AMOfVTOr 

SCAN  TIME  DirrLCn.DSU  Cir-S  SPECIES  IDLNTinCA  noN 

Ok)  (pafCMM) 


•1 

OJ) 

•5 

1.25 

S(>2 

U 

]8S 

100 

53.77 

2-(«n|«nal  (•trolrm) 

111 

7.21 

mcthylme  chJaidc  (CM^CIj) 

122 

4M 

2-ineiilyl  2-()rapeiwl 

IIS 

0.40 

JM 

1.30 

225 

Oils 

MS 

4J0 

iDtucmint/aci 

299 

0J3 

M 

1.21 

401 

360 

*01 

3/» 

«S5 

ixn 

1 '^neOyl- 3<)(Clr4Ka(f» )  <artnMl<)ri)ydB 

M) 

0.9a 

0  400  fno  urn  tooo  lion  imw 

SCANTIMR  i%jc) 


0  7in  4(K)  NO  Ko  Kvn  t;no  UfO  n**) 

.VAN  1 1MT  <«n  ) 


I’lJ.  A  IA|  AirKMini  <.(  roll  ir<|  tn  ( .1  /X4^ 

<  .,i.(/nn  A.VA'tv,!  A(V,,^,  H)a 
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